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To the Student 


This book contains precisely 2500 completely solved problems in the areas of fluid mechanics 
and hydraulics. Virtually all types of problems ordinarily encountered in study and practice in 
these areas are covered. Not only you, but teachers, practitioners, and graduates reviewing 
for engineering licensing examinations should find these problems valuable. 

To acquaint you with our “approach,” particular steps taken in presenting the problems and 
their solutions are itemized below. 

• First and most important of all, each problem and its solution are essentially independent 
and self-contained. That is to say, each contains all the data, equations, and computations 
necessary to find the answers. Thus, you should be able to pick a problem anywhere and 
follow its solution without having to review whatever precedes it. The exception to this is 
the occasional problem that specifically refers to, and carries over information from, a 
previous problem. 

• In the solutions, our objective has been to present any needed equation first and then 
clearly to evaluate each term in the equation in order to find the answer. The terms may 
be evaluated separately or within the equation itself. For example, when solving an equa¬ 
tion that has the parameter “area” as one of its terms, the area term (A) may be eva¬ 
luated separately and its value substituted into the equation [as in Prob. 14.209], or it may 
be evaluated within the equation itself [as in Prob. 14.94], 

• Virtually every number appearing in a solution is either “given” information (appearing as 
data in the statement of the problem or on an accompanying illustration), a previously 
computed value within the problem, a conversion factor (obtainable from the List of Con¬ 
version Factors), or a physical property (obtainable from a table or illustration in the 
Appendix). For example, in Prob. 1.77, the number 1.49, which does not appear elsewhere 
in the problem, is the dynamic viscosity (/r) of glycerin; it was obtained from Table A-3 in 
the Appendix. 

• We have tried to include all but the most familiar items in the List of Abbreviations and 
Symbols. Hence, when an unknown sign is encountered in a problem or its solution, a scan 
of that list should prove helpful. Thus, the infrequently used symbol ip is encountered in 
Prob. 25.6. According to the list, xp represents the stream function, and you are quickly on 
your way to a solution. 

Every problem solution in this book has been checked, but, with 2500 in all, it is in¬ 
evitable that some mistakes will slip through. We would appreciate it if you would take the 
time to communicate any mistakes you find to us, so that they may be corrected in future 
printings. We wish to thank Bill Langley, of The University of North Carolina at Charlotte, 
who assisted us with some of the problem selection and preparation. 
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Abbreviations and Symbols 


A 

abs 

a (alpha) 

atm 
atmos 
ft (beta) 

b 

B 

bhp 

bp 

Btu 

c 

C 

cal 

c.b. or CB 

C e 

c d 

Co 

C, 

C F 

cfs 

c.g. or CG 
C, 

C L 

cm 

cP 

c. p. 

Cp 

C v 

c v 

c w 

d 

D 

6 (delta) 

d, (delta) 
A (Delta) 
d c 

D cB 

D„ 

dm 

d„ 

d» 

E 

e h 

el 

V (eta) 
e (epsilon) 

E, 

exp 

/ 


acceleration or area 

area 

absolute 

angle between absolute velocity of fluid in hydraulic machine and linear velocity of a point on a 
rotating body or coefficient of thermal expansion or dimensionless ratio of similitude 
atmosphere 
atmospheric 

angle between relative velocity in hydraulic machines and linear velocity of a point on a rotating 

body or coefficient of compressibility or ratio of obstruction diameter to duct diameter 

surface width or other width 

surface width or other width 

brake horsepower 

brake power 

British thermal unit 

speed of sound or wave speed (celerity) 

Celsius or discharge coefficient or speed of propagation 
calorie 

center of buoyancy 

coefficient of contraction 

coefficient of discharge 

drag coefficient 

friction-drag coefficient 

force coefficient 

cubic foot per second 

center of gravity 

Pitot tube coefficient 

lift coefficient 

centimeter (10~ 2 m) 

centipoise 

center of pressure 

specific heat at constant pressure 

specific heat at constant volume 

coefficient of velocity 

weir coefficient 

depth or diameter 

depth or diameter or drag force 

thickness of boundary layer 

thickness of the viscous sublayer 

change in (or difference between) 

critical depth 

effective diameter 

hydraulic diameter 

mean depth 

normal depth 

normal depth 

modulus of elasticity or specific energy or velocity approach factor 

hydraulic efficiency 

elevation 

pump or turbine efficiency 
height or surface roughness 
pump energy 
turbine^energy 
exponential 

frequency of oscillation (cycles per second) or friction factor 
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F 

F„ 

Fo 

F h 

F l 

fps 

F.S. 

ft 

Fu 

Fy 

g 

G 

gal 

Y (gamma) 
T (Gamma) 
GN 
GPa 

gpm 

h 

h 

h 

H 

h\ 

h cg 

h cp 

h, 

Hg 

HGL 

h L 

h m 

hp 

Hz 

/ 

ID 

in 

»(infinity) 
J 
K 
k 

kcal 

kg 

kJ 

km 

kN 

kPa 

kW 

L 

X (lambda) 

lb 

lb„ 

L t 

I'm 

m 

m 

M 

MB 

mbar 

me 

mgd 


Fahrenheit or force 
buoyant force 
drag force 
horizontal force 
lift force 
foot per second 
factor of safety 
foot 

uplift force on a dam 
vertical force 

acceleration due to gravity or gage height or gram 

weight flow rate 

gallon 

specific (or unit) weight t 
circulation 
giganewton (10 9 N) 
gigapascal (10 9 Pa) 
gallons per minute 

enthalpy per unit mass or height or depth or pressure head or hour 

average height or depth or head 

enthalpy per unit weight 

energy head or total energy head 

unit head loss 

vertical depth to center of gravity 
vertical depth to center of pressure 
head loss due to friction 
mercury 

hydraulic grade line 
total head loss 

head loss due to minor losses 
horsepower 

hertz (cycles per second) 
inflow or moment of inertia 
inside diameter 
inch 

sometimes used as a subscript to indicate upstream 
joule 

bulk modulus of elasticity or Kelvin or minor loss coefficient 

specific heat ratio 

kilocalorie (10 3 cal) 

kilogram (10 3 g) 

kilojoule (10 3 J) 

kilometer (10 3 m) 

kilonewton (10 3 N) 

kilopascal (10 3 Pa) 

kilowatt (10 3 W) 

length or lift force or liter 

model ratio or wave length 

pound 

pound mass 

equivalent length 

linear dimension in model 

linear dimension in prototype 

mass or meter 

mass flow rate 

mass flow rate or molecular weight or moment or torque 
distance from center of buoyancy to metacenter 
millibar (10 -J bar) 
metacenter 

million gallons per day 
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ml 

milliliter (10 -3 L) 

min 

minute 

mm 

millimeter (10 -3 meter) 

MN 

meganewton (10 6 N) 

MPa 

megapascal (10 6 Pa) 

mph 

mile per hour 

MR 

manometer reading 

P (mu) 

absolute or dynamic viscosity 

MW 

megawatt (10® W) 

n 

Manning roughness coefficient or number of moles 

N 

newton or rotational speed 

n b 

Brinkman number 


Froude number 

N m 

Mach number 

NPSH 

net positive suction head 

ASR 

Reynolds number 

N. 

specific speed of pump or turbine 

v (nu) 

kinematic viscosity 

Y w 

Weber number 

O 

outflow 

OD 

outside diameter 

Q (ohm) 

rotational rate 

a) (omega) 

angular velocity 

P 

pressure or poise 

P 

force (usually resulting from an applied pressure) or power 

Pa 

pascal 

0 (phi) 

peripheral-velocity factor 

n (pi) 

constant = 3.14159265 

n( P i) 

dimensionless parameter 

Pr 

power ratio 

P* 

stagnation pressure 

psi 

pound per square inch 

0 (psi) 

stream function 

psia 

pound per square inch absolute 

Psig 

pound per square inch gage 

P*' 

pressure for condition at N M = l/Vk 

Pv 

vapor pressure 

Pw 

wetted perimeter 

q 

flow rate per unit width or heat per unit mass 

Q 

discharge or heat or volume flow rate 

Qh 

heat transferred per unit weight of fluid 

Qlw 

volume flow rate per unit width of channel 

qt 

quart 

r 

radius 

R 

gas constant or Rankine or resultant force or hydraulic radius 

R' 

manometer reading 

rad 

radian 

R c 

critical hydraulic radius 

R„ 

hydraulic radius 

P (rho) 

mass density 

n 

inside radius 

r„ 

outside radius 

rpm 

revolutions per minute 

R u 

universal gas constant 

s 

entropy of a substance or second or slope 

S 

slope or storage 

Sc 

critical slope 

s.g. 

specific gravity 

S.g.w 

specific gravity of manometer fluid 

S.g.F 

specific gravity of flowing fluid 
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a (sigma) 
a' 

E (sigma) 
S 
So 
t 

T 

x (tau) 
to (tau) 

T, 

u 

U & » 


V 

V C 

V 


Vd 

V m 

K 

v. 

v, 

v, 

V T 

w 

w 

Xcp 

§(») 

y 

yc 
y<x> 
y- 
y* 
z <* 

Zep 


pump cavitation parameter or stress or surface tension 

cavitation index 

summation 

specific gravity of flowing fluid 
specific gravity of manometer fluid 
thickness or time 

surface width or temperature or torque or tension 

shear stress 

shear stress at the wall 

stagnation temperature 

velocity 

centerline velocity 
velocity 
velocity 
critical velocity 
velocity or volume 
average velocity 
centerline velocity 
volume of fluid displaced 
velocity in model 
velocity in prototype 
specific volume 
shear velocity 

tangential velocity ^ : ' 

terminal velocity 

width 

watt or weight or weight flow rate or work 

distance from center of gravity to center of pressure in x direction 

vorticity 

depth 

critical depth 

distance from center of gravity to center of pressure in y direction 
normal depth 
normal depth 

inclined distance from liquid surface to center of gravity 
inclined distance from liquid surface to center of pressure 


Conversion Factors 


0.00001667 m 3 /s = 1 L/min 

0.002228 ft 3 /s = 1 gal/min 

0.0145 lb/in 2 = 1 mbar 

0.3048 m = 1 ft 

2.54 cm = 1 in 

3.281 ft = 1 m 

4 qt = 1 gal 

4.184 kJ = 1 kcal 

4.448 N = 1 lb 

6.894 kN/m 2 = 1 lb/in 2 

7.48 gal = 1 ft 3 

12 in = 1 ft 

14.59 kg = 1 slug 

25.4 mm = 1 in 

60 min = 1 h 

60 s = 1 min 

100 cm = 1 m 

100 kPa = 1 bar 


101.3 kPa = 1 atm 
144 in 2 = lft 2 
550 ft-lb/s = 1 hp 
778 ft-lb = 1 Btu 
1000 N = 1 kN 
1000 L = 1 m 3 
1000 mm = 1 m 
1000 Pa = 1 kPa 
1728 in 3 = 1 ft 3 
2000 lb = 1 ton 
3600 s = 1 h 
4184 J = 1 kcal 
5280 ft = 1 mile 
86 400 s = 1 day 
1 000 000 N = 1 MN 
1 000 000 Pa =1 MPa 
1 000 000 000 N = 1 GN 
1000 000 000 Pa = 1 GPa 


1 CHAPTER 1 

Properties of Fluids 


Note: For many problems in this chapter, values of various physical properties of fluids are obtained from 
Tables A-l through A -8 in the Appendix. 

1.1 A reservoir of glycerin (glyc) has a mass of 1200 kg and a volume of 0.952 m\ Find the glycerin’s weight (IV), 
mass density (p), specific weight (y), and specific gravity (s.g.). 

| F = W = ma = (1200)(9.81) = 11770 N or 11.77 kN 

p = m /V = 1200/0.952 = 1261 kg/m 3 
y = W/V = 11.77/0.952 = 12.36 kN/m 3 
s.g. = ygiyc/ y h 2 o at 4 °c ~ 12.36/9.81 = 1.26 

1.2 A body requires a force of 100 N to accelerate it at a rate of 0.20 m/s 2 . Determine the mass of the body in 
kilograms and in slugs. 

f F = ma 

100 = (m)( 0 . 20 ) 

m = 500 kg = 500/14.59 = 34.3 slugs 


1.3 


1.4 


A reservoir of carbon tetrachloride (CC1 4 ) has a mass of 500 kg and a volume of 0.315 m 3 . Find the carbon 
tetrachloride’s weight, mass density, specific weight, and specific gravity. 

f F = IV = ma = (500)(9.81) = 4905 N or 4.905 kN 

p = m /v = 500/0.315 = 1587 kg/m 3 
y = W/V = 4.905/0.315 = 15.57 kN/m 3 
s -g- = rccu/rH 2 oa.4-c = 15.57/9.81 = 1.59 


The weight of a body is 100 lb. Determine (a) its weight in newtons, (6) its mass in kilograms, and (c) the rate 
of acceleration [in both feet per second per second (ft/s 2 ) and meters per second per second (m/s 2 )] if a net 
force of 50 lb is applied to the body. 

f (a) W = (100)(4.448) = 444.8 N 

(ft) F = W = ma 444.8 = (m)(9.81) m= 45.34 kg 

(c) m =45.34/14.59 = 3.108 slugs 

F = ma 50 = 3.108a a = 16.09 ft/s 2 = (16.09)(0.3048) = 4.904 m/s 2 


1.5 The specific gravity of ethyl alcohol is 0.79. Calculate its specific weight (in both pounds per cubic foot and 
kilonewtons per cubic meter) and mass density (in both slugs per cubic foot and kilograms per cubic meter). 

f y = (0.79)(62.4) = 49.3 lb/ft 3 y = (0.79)(9.79) = 7.73 kN/m 3 

p = (0.79)(1.94) = 1.53 slugs/ft 3 p = (0.79)(1000) = 790 kg/m 3 

1.6 A quart of water weights about 2.08 lb. Compute its mass in slugs and in kilograms. 

| F = W = ma 2.08 = (m)(32.2) 

m = 0.0646 slug m = (0.0646)(14.59) = 0.943 kg 

1.7 One cubic foot of glycerin has a mass of 2.44 slugs. Find its specific weight in both pounds per cubic foot and 
kilonewtons per cubic meter. 

I F = W = ma = (2. 44)(32.2) = 78.6 lb. Since the glycerin’s volume is 1 ft 3 , y = 78.6 lb/ft 3 = 
(78.6)(4.448)/(0.3048) 3 = 12 350 N/m 3 , or 12.35 kN/m 3 . 


1 
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1.9 

1.10 

1.11 

1.12 

1.13 

1.14 

1.15 

1.16 

1.17 


A quart of SAE 30 oil at 68 °F weighs about 1.85 lb. Calculate the oil’s specific weight, mass density, and 
specific gravity. 

| V = l/[(4)(7.48)] = 0.03342 ft 3 

y = W/V = 1.85/0.03342 = 55.4 Ib/ft 3 
p — y/g = 55.4/32.2 = 1.72 slugs/ft 3 
s.g. = ron/ Vh 2 o « 4 -c = 55.4/62.4 = 0.888 

The volume of a rock is found to be 0.00015 m 3 . If the rock’s specific gravity is 2.60, what is its weight? 

I y rock = (2.60)(9.79) = 25.5 kN/m 3 W Iock = (25.5)(0.00015) = 0.00382 kN or 3.82 N 

A certain gasoline weighs 46.5 lb/ft 3 . What are its mass density, specific volume, and specific gravity? 
f p = y/g = 46.5/32.2 = 1.44 slugs/ft 3 V, = 1/p = 1/1.44 = 0.694 ft 3 /slug 

s.g. = 1.44/1.94 = 0.742 

If the specific weight of a substance is 8.2 kN/m 3 , what is its mass density? 

| p = y/g = 8200/9.81 = 836 kg/m 3 

An object at a certain location has a mass of 2.0 kg and weighs 19.0 N on a spring balance. What is the 
acceleration due to gravity at this location? 

f F=W = ma 19.0 = 2.0a a = 9.50 m/s 2 

If an object has a mass of 2.0 slugs at sea level, what would its mass be at a location where the acceleration due 
to gravity is 30.00 ft/s 2 ? 

f Since the mass of an object does not change, its mass will be 2.0 slugs at that location. 

What would be the weight of a 3-kg mass on a planet where the acceleration due to gravity is 10.00 m/s 2 ? 

I F = W = ma = (3)(10.00) = 30.00 N 

Determine the weight of a 5-slug boulder at a place where the acceleration due to gravity is 31.7 ft/s 2 . 

| F = W = ma = (5)(31.7) = 158 lb 

If 200 ft 3 of oil weighs 10 520 lb, calculate its specific weight, density, and specific gravity. 

I y = W/ V = 10520/200 = 52.6 lb/ft 3 p = y/g = 52.6/32.2 = 1.63 slugs/ft 3 

s.g. = You/Yh z o at 4°c ~ 52.6/62.4 = 0.843 

Find the height of the free surface if 0.8 ft 3 of water is poured into a conical tank (Fig. 1-1) 20 in high with a 
base radius of 10 in. How much additional water is required to fill the tank? 

I K conc = nr 2 h/3 = jr(10) 2 (20)/3 = 2094 in 3 F H2 o = 0.8 ft 3 = 1382 in 3 

Additional water needed = 2095 - 1382 = 713 in 3 . From Fig. 1-1, r„l 10 = h„/20, or r a = h a / 2.0; 

F r empty(to P )con« = n(h„/2.0) 2 h o /3 = 713; h a = 13.96 in. Free surface will be 20 - 13.96, or 6.04 in above base of 
tank. 



r=lOin 


Fig. 1-1 
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1.18 If the tank of Prob. 1.17 holds 30.5 kg of salad oil, what is the density of the oil? 

I V conc = 2094 in 3 (from Prob. 1.17) 

= ^i(0.3048) 3 = 0.03431 m 3 
p = m/V = 30.5/0.03431 = 889 kg/m 3 

1.19 Under standard conditions a certain gas weighs 0.14 lb/ft 3 . Calculate its density, specific volume, and specific 
gravity relative to air weighing 0.075 lb/ft 3 . 

f p = y/g = 0.14/32.2 = 0.00435 slug/ft 3 V s = 1/p = 1/0.00435 = 230 ft 3 /slug 

s.g. =0.14/0.075 = 1.87 


1.20 


1.21 


1.22 


If the specific volume of a gas is 360 ft 3 /slug, what is its specific weight? 

f p = i/v s = bo = 0.002778 slug/ft 3 y = pg = (0.002778)(32.2) = 0.0895 lb/ft 3 

A vertical glass cylinder contains 900.00 mL of water at 10 °C; the height of the water column is 90.00 cm. The 
water and its container are heated to 80 °C. Assuming no evaporation, what will be the height of the water if the 
coefficient of thermal expansion (<*) for the glass is 3.6 x 10 6 °C ’? 

f Mass of water = pV = p w V 10 = p w ,V 8n (1000)(900 x 10~‘) = 971 V„ V*, = 926.9 x 10“* m 3 = 926.9 cm 3 

>1.0 = V.o/fi.o = 900.00/90.00 = 10.000 cm 2 
A w = nr\ o 10.000 = nr 2 m r 10 = 1.7841 cm 

r m = r. 0 [l + (A T)(a)] = (1.7841)[1 + (80 - 10)(3.6 x lO^ 6 )] = 1.7845 cm 
>!«„ = = Tr(1.7845) 2 = 10.004 cm 2 h m = VJA m = 926.9/10.004 = 92.65 cm 

If a vessel that contains 3.500 ft 3 of water at 50 °F and atmospheric pressure is heated to 160 °F, what will be the 
percentage change in its volume? What weight of water must be removed to maintain the original volume. 

f Weight of water = yF = ysoVro = y.eoVieo (62.4)(3.500) = 61.0V 16O V 160 = 3.5803 ft 3 

Change in volume = (3.5803 - 3.500)/3.000 = 0.027, or 2.7% (increase). Must remove (3.5803 - 3.500)(61.0), 
or 4.90 lb. 


1.23 A vertical, cylindrical tank with a diameter of 12.00 m and a depth of 4.00 m is filled to the top with water at 
20 °C. If the water is heated to 50 °C, how much water will spill over? 

f V tank = (V„ 2 o) 2 o = Jt(12.00/2) 2 (4.00) = 452.4 m 3 

W H2 o = (9.79)(452.4) = 4429 kN (Vh 2 o) 5 o = 4429/9.69 = 457.1 m 3 

Volume of water spilled = 457.1 — 452.4 = 4.7 m 3 


1.24 


1.25 


A thick, closed, steel chamber is filled with water at 50 °F and atmospheric pressure. If the temperature of water 
and chamber is raised to 100 °F, find the new pressure of the water. The coefficient of thermal expansion of steel 
is 6.5 x 10 “ 6 per °F. 

f The volume of water would attempt to increase as the cube of the linear dimension; hence, 

V 90 = V 5 „[l + (100 - 50)(6.5 x 10' 6 )] 3 = 1.000975W, weight of water = yV = y 50 V 5 o = TooIV 62.4V*, = 
y 9O (1.000975V 5O ), y<» = 62.34 lb/ft 3 . From Fig. A-3, p<x, = 1300 psia (approximately). 


A liquid compressed in a cylinder has a volume of 1000 cm 3 at 1 MN/m 2 and a volume of 995 cm at 2 MN/m . 
What is its bulk modulus of elasticity (K)l 


I 


K= - 


A p 

AV/V 


2-1 

(995 -1000)/1000 


= 200 MPa 


1.26 Find the bulk modulus of elasticity of a liquid if a pressure of 150 psi applied to 10 ft 3 of the liquid causes a 
volume reduction of 0.02 ft 3 . 

f K= __^_= _ (150^0X144) = IQ goo 000 lb/ft 2 or 75 000psi 

f AV/V -0.02/10 
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If K 2.2 GPa is the bulk modulus of elasticity for water, what pressure is required to reduce a volume by 0 6 
percent? J 


K=- 


AV/V 


2.2 = - 


p 2 - 0 

1 Q ^ P 2 — 0.0132 GPa or 13.2 MPa 


Find the change in volume of 1.00000 ft 3 of water at 80 °F when subjected to a pressure increase of 300 psi. 
Water s bulk modulus of elasticity at this temperature is 325 000 psi. 


AV/V 


325 000 = - 


300-0 

AV/1.00000 


AV = —0.00092 ft 3 


1.29 f °' IO ™ g ‘ est data ’ determine the bulk modulus of elasticity of water: at 500 psi the volume was 
1.000 ft , and at 3500 psi the volume was 0.990 ft 3 . 

I k = - Ap = - 500 - 3500 _ 

AV/V (1.000 - 0.990)/1.000 ~ 300 000 PS1 

1.30 A rigid steel container is partially filled with a liquid at 15 atm. The volume of the liquid is 1 23200 L At a 
pressure of 30 atm, the volume of the liquid is 1.23100 L. Find the average bulk modulus of elasticity of the 
liquid over the given range of pressure if the temperature after compression is allowed to return to its initial 
value. What is the coefficient of compressibility (/!)? 


f Ap (30 -15)(101.3) 

AV/V (1.23100-1.23200)/1.23200 ~ 1-872 Xl ° 6kPa or L872GPa 

P=l/K = 1/1.872 = 0.534 GPa” 1 

A heavy tank contains oil (A) and water (B) subject to variable air pressure; the dimensions shown in Fig 1-2 
correspond to 1 atm. If air is slowly added from a pump to bring pressure p up to 1 MPa gage, what will be the 
total downward movement of the free surface of oil and air? Take average values of bulk moduli of elasticity of 
the liquids as 2050 MPa for oil and 2075 MPa for water. Assume the container does not change volume. Neglect 
hydrostatic pressures. 6 


AV/V 


2050 = 


AK,„/[ 6007 t( 300 ) 2 / 4 ] AV ° n 20 690 mm 3 


2075 = - 


A U 

AK„ 2 o/[700^(300) 2 /4] AFhj ° = ~ 23 850 mm ’ 


AV,otai = -44 540 mm 3 


Let x - distance the upper free surface moves. -44 540 = -[jr(300) 2 /4]x, x = 0.630 mm. 



1.32 A thin-walled spherical tank is filled with water at a pressure of 4666 psig; the tank’s volume is then 805.407 in 3 . 
1 the water is released from the tank, how many pounds will be collected at atmospheric pressure? 805.4069 in 3 
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when the pressure is 4666 psig. Use 305 000 psi as an average value of the bulk modulus of elasticity. 


I 


K= - 


Ap 

AV/V 


305 000= -- 


0 - 4666 


(V 2 — 805.407)/805.407 
W = (62.4)(817.73/1728) = 29.5 lb 


V 2 = 817.73 in 3 


1.33 Water in a hydraulic press, initially at 20 psia, is subjected to a pressure of 17 000 psia at 68 °F. Determine the 
percentage decrease in specific volume if the average bulk modulus of elasticity is 365 000 psi. 

f K= — — 777 7 ; 365 000=- ; —- — 7 -=—0.0465 or 4.65% decrease 

AVIV AV/V, V, 


1.34 


At a depth of 7 km in the ocean, the pressure is 71.6 MPa. Assume a specific weight at the surface of 

10.05 kN/m 3 and an average bulk modulus of elasticity of 2.34 GPa for that pressure range. Find (a) the change 

in specific volume between the surface and 7 km; (ft) the specific volume at 7 km; (c) the specific weight at 7 km. 


f (a) 


(K), = 1/p, = g/y, = 9.81/10050 = 0.0009761 m 3 /kg 


K = — 


Ap 

A VJV, 


2.34x10" = 


71.6 x 10 6 —0 
AV s /0.0009761 


AV S = -0.0000299 m 3 /kg 


(ft) (V s ) 2 = (V s ), + AV S = 0.0009761 - 0.0000299 = 0.000946 m 3 /kg 

(c) y 2 = g/V 2 = 9.81/0.000946 = 10 370 N/m 3 


1.35 


Approximately what pressure must be applied to water at 60 °F to reduce its volume 2.5 percent? 


K = - 


A P 

AV/V 


311000= - 


P 2 -O 

0.025 


p 2 = 7775 psi 


1.36 A gas at 20 °C and 0.21 MPa abs has a volume of 41 L and a gas constant (R) of 210 m ■ N/(kg • K). Determine 
the density and mass of the gas. 

I p = p/RT = 0.21 X 10 6 /[(210)(20 + 273)] = 3.41 kg/m 3 m = pV = (3.41)(0.041) = 0.140 kg 


1.37 What is the specific weight of air at 70 psia and 70 °F? 

I y = p/RT. From Table A- 6 , R = 53.3 ft/°R; y = (70)(144)/[(53.3)(70 + 460)] = 0.357 lb/ft 3 . 


Note: p/RT gives p (Prob. 1.36) or y (Prob. 1.37), depending on the value of R used. Corresponding values of 
R in Table A -6 differ by a factor of g. 


1.38 Calculate the density of water vapor at 350 kPa abs and 20 °C if its gas constant (R) is 0.462 kPa • m 3 /kg • K. 
I p = p/RT = 350/[(0.462)(20 + 273)] = 2.59 kg/m 3 


1.39 Nitrogen gas (molecular weight 28) occupies a volume of 4.0 ft 3 at 2500 lb/ft 2 abs and 750 °R. What are its 
specific volume and specific weight? 

f R = RJM = 49 709/28 = 1775 ft • lb/(slug • °R) 

[where R u , the universal gas constant, = 49 709 ft • lb/(slug • °R)] 
p = 1/V; = p/RT = 2500/[(1775)(750)] V, = 532.5 ft 3 /slug 
y = pg = (1 /V,)(g) = (1/532.5X32.2) = 0.0605 lb/ft 3 

1.40 One kilogram of hydrogen is confined in a volume of 200 L at —45 °C. What is the pressure if R is 
4.115 kJ/kg-K? 

I p =p/?r = (m/V)/?r = (l/0.200)(4115)(-45 +273) = 4.691 X 10 6 Pa or 4.691 MPa abs 

1.41 What is the specific weight of air at a temperature of 30 °C and a pressure of 470 kPa abs? 

I y = p/RT = 470/[(29.3)(30 + 273)] = 0.0529 kN/m 3 
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1.42 Find the mass density of helium at a temperature of 39 °F and a pressure of 26.9 psig, if atmospheric pressure is 
14.9 psia. 

I p = p/RT = (14.9 + 26.9)(144)/[(12 420)(39 + 460)] 

= 0.000971 lb-s 2 /ft 4 or 0.000971 slug/ft 3 . 

1.43 The temperature and pressure of nitrogen in a tank are 28 °C and 600 kPa abs, respectively. Determine the 
specific weight of the nitrogen. 

I y = p/RT = 600/[(30.3)(28 + 273)] = 0.0658 kN/m 3 

1.44 The temperature and pressure of oxygen in a container are 60 °F and 20.0 psig, respectively. Determine the 
oxygen’s mass density if atmospheric pressure is 14.7 psia. 

I p = p/RT = (20.0 + 14.7)(144)/[(1552)(60 + 460)] = 0.00619 slug/ft 3 

1.45 Calculate the specific weight and density of methane at 100 °F and 120 psia. 

I y = p/RT = (120)(144)/[(96.2)(100 + 460)] = 0.321 lb/ft 3 

P = Y/g — 0.321/32.2 = 0.00997 slug/ft 3 

1.46 At 90 °F and 30.0 psia, the specific weight of a certain gas was 0.0877 lb/ft 3 . Determine the gas constant and 
density of this gas. 

I y=p/RT 0.0877 = (30.0)(144)/[(/?)(90 + 460)] fl = 89.6ft/°R 

p = y/g = 0.0877/32.2 = 0.00272 slug/ft 3 

1.47 A cylinder contains 12.5 ft 3 of air at 120 °F and 40 psia. The air is then compressed to 2.50 ft 3 , (a) Assuming 
isothermal conditions, what are the pressure at the new volume and the bulk modulus of elasticity? 

(b) Assuming adiabatic conditions, what are the final pressure and temperature and the bulk modulus 
of elasticity? 

I (a) PiV, =p 2 V 2 (for isothermal conditions) 

(40)(12.5) = (pi)(2.50) 
p 2 = 200 psia 

r , A p 40 - 200 _ . 

AV/V~ (12.5-2.5)/12.5 _ 200 PS ‘ 

(6) pi V\ = p 2 V 2 (for adiabatic conditions). From Table A-6, k = 1.40. (40)(12.5)‘ 40 = (p'^)(2.50)' , 
p 2 = 381 psia; TJT X = (p 2 /pif k ~ lyk , T 2 /( 120 + 460) = (^) (14 °- 1)/140 , T 2 = 1104 °R, or 644 °F; K = kp’ = 
(1.40)(381) = 533 psi. 


1.48 Air is kept at a pressure of 200 kPa and a temperature of 30 °C in a 500-L container. What is the mass of the 
air? 

I p = p/RT = [(200)(1000)]/[(287)(30 + 273)] = 2.300 kg/m 3 m = (2.300)® = 1.15 kg 

1.49 An ideal gas has its pressure doubled and its specific volume decreased by two-thirds. If the initial temperature 
is 80 °F, what is the final temperature? 

I p = 1/K =p/RT pV s = RT p,(V s ), = RT p 2 (V,) 2 = RT 2 

{P2/Pi)[(V s ) 2 /(V s )i] = (R/R)(T 2 /Ti) (2)(|) = 7^/(80 + 460) 


T 2 = 360 °R or -100 °F 
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1.50 The tank of a leaky air compressor originally holds 90 L of air at 33 °C and 225 kPa. During a compression 
process, 4 grams of air is lost; the remaining air occupies 42 L at 550 kPa. What is the temperature of the 
remaining air? 

I p, = pJRT x = (225 x 10 3 )/[(287)(33 + 273)] = 2.562 kg/m 3 m = (2.562)(0.090) = 0.2306 kg 

p 2 =p 2 /RT 2 (0.2306-0.004)/0.042 = (550 x 10 3 )/(287T 2 ) T 2 = 355 K or 82°C 

1.51 In a piston-and-cylinder apparatus the initial volume of air is 90 L at a pressure of 130 kPa and temperature of 
26 °C. If the pressure is doubled while the volume is decreased to 56 L, compute the final temperature and 
density of the air. 

I p, = pJRT, = (130 x 10 3 )/[(287)(26 + 273)] = 1.515 kg/m 3 m = (1.515)(0.090) = 0.1364 kg 

p 2 =p 2 /RT 2 0. 1364 /t 55 o = (2)(130 x 10 3 )/(287T 2 ) 7) = 372 K or 99 °C 

p = 0.1364/(0.056) = 2.44 kg/m 3 

1.52 For 2 lb mol of air with a molecular weight of 29, a temperature of 90 °F, and a pressure of 2.5 atm, what is the 
volume? 

I pV/nM = RT [(2.5)(14.7)(144)]{F/[(2)(29)]} = (53.3)(90 + 460) V = 321 ft 3 

1.53 If nitrogen has a molecular weight of 28, what is its density according to the perfect gas law when p = 0.290 MPa 
and T = 30 °C? 

f R = R u /M = 8312/28 = 297 J/(kg • K) [where /?„ = 8312 J/(kg • K)] 

p = p/RT = 290 000/[(297)(30 + 273)] = 3.22 kg/m 3 

1.54 If a gas occupies 1 m 3 at 1 atm pressure, what pressure is required to reduce the volume of the gas by 2 percent 
under isothermal conditions if the fluid is (a) air, (6) argon, and (c) hydrogen? 

f pV = nRT = constant for isothermal conditions. Therefore, if V drops to 0.98V„, p must rise to (1/0.98 )p„, 
or 1.020p„. This is true for any perfect gas. 

1.55 (a) Calculate the density, specific weight, and specific volume of oxygen at 100 °F and 15 psia. ( b ) What would 
be the temperature and pressure of this gas if it were compressed isentropically to 40 percent of its original 
volume? (c) If the process described in ( b ) had been isothermal, what would the temperature and pressure have 
been? 

f (a) p = p/RT = (15)(144)/[(1552)(100 + 460)] = 0.00248 slug/ft 3 

Y = Pg — (0.00248) (32.2) = 0.0799 lb/ft 3 V s = 1/p = 1/0.00248 = 403 ft 3 /slug 

(b) pM=p 2 (V ,) k 2 [(15)(144)](403)‘ 40 = [(p 2 )(144)][(0.40)(403)] 140 p 2 = 54.1 psia 

p 2 = p 2 RT 2 (54.1)(144) = (0.00248/0.40)(1552)(T + 460) T 2 = 350°F 

(c) If isothermal, r 2 = 7] = 100 °F and pV = constant. 

[(15)(144)](403) = [(p 2 )(144)][(0.40)(403)] p 2 = 37.5 psia 

1.56 Calculate the density, specific weight, and volume of chloride gas at 25 °C and pressure of 600 000 N/m 2 abs. 

I p = p/RT = 600 000/[(118)(25 + 273)] = 17.1 kg/m 3 

y = pg = (17.1)(9.81) = 168 N/m 3 V s = l /p = 1/17.1 = 0.0585 m 3 /kg 

1.57 If methane gas has a specific gravity of 0.55 relative to air at 14.7 psia and 68 °F, what are its specific weight and 
specific volume at that same pressure and temperature? What is the value of R for the gas? 

f Ymr—p/RT = (14.7)(144)/[(53.3)(68 + 460)] = 0.07522 lb/ft 3 

y gas = (0.55)(0.07522) = 0.0414 lb/ft 3 

V. = 1/p = g/y (V s ) gas = 32.2/0.0414 = 778 ft 3 /slug 
Since R varies inversely with density for fixed pressure and temperature, R gm = 53.3/0.55 = 96.9 ft/°R. 
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1.58 A gas at 40 °C under a pressure of 21.868 bar abs has a unit weight of 362 N/m 3 . What is the value of R for this 
gas? What gas might this be? 

I y = p/RT 362 = (21.868 x 10 5 )/[(/?)(40 + 273)] R = 19.3m/K 

This gas might be carbon dioxide, since its gas constant is 19.3 m/K (from Table A-6). 

1.59 If water vapor (R = 85.7 ft/°R) in the atmosphere has a partial pressure of 0.60 psia and the temperature is 
80 °F, what is its specific weight? 

I y = p/RT = (0.60)(144)/[(85.7)(80 + 460)] = 0.00187 lb/ft 3 

1.60 Refer to Prob. 1.59. If the barometer reads 14.60 psia, calculate the partial pressure of the air, its specific 
weight, and the specific weight of the atmosphere (air plus water vapor). 

# Pair — 14.60 — 0.60= 14.00 psia y=p/RT 

Yait = (14.00)(144)/[(53.3)(80 + 460)] = 0.0700 lb/ft 3 y atm = y air + y„ 2 o<v ap > 

y„ 2 o (vap) = 0.00187 lb/ft 3 (from Prob. 1.59) y aun = 0.0700 + 0.00187 = 0.0719 lb/ft 3 

1.61 (a) Calculate the density, specific weight, and specific volume of oxygen at 20 °C and 40 kPa abs. (6) If the 
oxygen is enclosed in a rigid container, what will be the pressure if the temperature is reduced to —100 °C? 

I (a) p = p/RT = (40)(1000)/[(260)(20 + 273)] = 0.525 kg/m 3 

y = pg = (0.525)(9.81) = 5.15 N/m 3 V, = 1/p = 1/0.525 = 1.90 m 3 /kg 

(6) p = l/V s = p/RT. Since V s and R are constants, VJR = T/p = constant, (20 + 273)/40 = (—100 + 273)/p 2 , 
p 2 = 23.6 kPa. 

1.62 Helium at 149 kPa abs and 10 °C is isentropically compressed to one-fourth of its original volume. What is its 
final pressure? 

f PiV\=p 2 V k 2 149K|“ = (p 2 )(V,/4) 166 p 2 = 1488kPa abs 


1.63 (a) If 9 ft 3 of an ideal gas at 75 °F and 22 psia is compressed isothermally to 2 ft 3 , what is the resulting pressure? 
(b) What would the pressure and temperature have been if the process had been isentropic? 

f (a) Pi Vi =p 2 V 2 (22)(9) = (p 2 )(2) p 2 = 99psia 

(b\ p,Vt=p 2 V* (22)(9)' 30 = (p 2 )(2)' 30 p 2 = 155 psia 

T 2 /T i = (p 2 /p,y k - lVk T 2 /(15 + 460) = (Jf )(’*)-iyi.30 7^ = 840^ or 380 °F 

1.64 (a) If 12 m 3 of nitrogen at 30 °C and 125 kPa abs is permitted to expand isothermally to 30 m 3 , what is the 
resulting pressure? ( b ) What would the pressure and temperature have been if the process had been isentropic? 

I (a) Pi V, =p 2 V 2 (125)(12) = (p 2 )(30) p 2 = 50.0 kPa abs 

(*) P, Vf =p 2 V 2 (125)(12)‘ 40 = (p 2 )(30)' 40 p 2 = 34.7 kPa abs 

T 2 /7i = (p 2 /p 1 ) ( *- 1,/ * T 2 /(30 + 273) = (34.7/125)° 40 ' ,)/,4 ° T 2 = 210 K or -63 °C 


1.65 


If the viscosity of water at 68 °F is 0.01008 poise, compute its absolute viscosity (p) in pound-seconds per square 
foot. If the specific gravity at 68 °F is 0.998, compute its kinematic viscosity (v) in square feet per second. 

f The poise is measured in dyne-seconds per square centimeter. Since 1 lb = 444 800 dynes and 1 ft = 30.48 cm, 
1 lb • s/ft 2 = 444 800 dyne • s/(30.48 cm) 2 = 478.8 poises 


0.01008 

478.8 


= 2.11 x 10~ 5 lb • s/ft 2 


V =^=JL, 

P Y/g 


(2.11 x 10 _5 )(32.2) 
(0.998)(62.4) 


= 1.09 x 10~ 5 ft 2 /s 


1.66 Convert 15.14 poises to kinematic viscosity in square feet per second if the liquid has a specific gravity of 0.964. 
I 1 lb • s/ft 2 = 478.8 poises (from Prob. 1.65) 

p = 15.14/478.8 = 0.03162 lb • s/ft 2 v = pg/y = (0.03162)(32.2)/[(0.964)(62.4)] = 0.0169 ft 2 /s 
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1.67 The fluid flowing in Fig. 1-3 has an absolute viscosity (fi) of 0.0010 lb • s/ft 2 and specific gravity of 0.913. 

Calculate the velocity gradient and intensity of shear stress at the boundary and at points 1 in, 2 in, and 3 in 
from the boundary, assuming (a) a straight-line velocity distribution and ( b ) a parabolic velocity distribution. 
The parabola in the sketch has its vertex at A and origin at B. 

f (a) For the straight-line assumption, the relation between velocity v and distance y is v = 15y, dv = 15dy. 
The velocity gradient = dv/dy = 15. Since /u = r /(dv/dy), x — fi (dv/dy). For y = 0 (i.e., at the boundary), 
v = 0 and dv/dy = 15 s -1 ; x = (0.0010)(15) = 0.015 lb/ft 2 . Fory = 1 in, 2 in, and 3 in, dv/dy and r are also 15 s -1 
and 0.015 lb/ft 2 , respectively. (6) For the parabolic assumption, the parabola passes through the points v = 0 
when y = 0 and v = 45 when y = 3. The equation of this parabola is v = 45 — 5(3 - y) 2 , dv/dy = 10(3 — y), 
x = 0.0010 (dv/dy). For y = 0 in, v = 0 in/s, dv/dy = 30 s -1 , and x = 0.030 lb/ft 2 . For y = 1 in, v = 25 in/s, 
dv/dy = 20 s~\ and r = 0.020 lb/ft 2 . For y = 2 in, v = 40 in/s, dv/dy = 10 s~ l , and x = 0.010 lb/ft 2 . For y = 3 in, 
v = 45 in/s, dv/dy = 0 s~\ and x = 0 lb/ft 2 . 



1.68 A cylinder of 0.40-ft radius rotates concentrically inside a fixed cylinder of 0.42-ft radius. Both cylinders are 
1.00 ft long. Determine the viscosity of the liquid that fills the space between the cylinders if a torque of 
0.650 lb - ft is required to maintain an angular velocity of 60 rpm. 

f The torque is transmitted through the field layers to the outer cylinder. Since the gap between the cylinders 
is small, the calculations may be made without integration. The tangential velocity v, of the inner cylinder = rw, 
where r = 0.40 ft and (o = 2jc rad/s. Hence, v, = (0.40)(2jt) = 2.51 ft/s. For the small space between cylinders, 
the velocity gradient may be assumed to be a straight line and the mean radius can be used. Then, 
dv/dy = (2.51 - 0)/(0.42 — 0.40) = 125.5 s~*. Since applied torque equals resisting torque, applied torque = 
(r)(area)(arm), 0.650 = r[(1.00)(2/r)(0.40 + 0.42)/2][(0.40 + 0.42)/2], r = 0.615 lb/ft 2 = n (dv/dy), 0.615 = 
(/i)(125.5), n = 0.00490 lb • s/ft 2 . 

1.69 Water is moving through a pipe. The velocity profile at some section is shown in Fig. 1-4 and is given 
mathematically as v = (ft/4n)(d 2 /4 — r 2 ), where v = velocity of water at any position r, j8 = a constant, 

H = viscosity of water, d = pipe diameter, and r = radial distance from centerline. What is the shear stress at the 
wall of the pipe due to the water? What is the shear stress at a position r = d/4? If the given profile persists a 
distance L along the pipe, what drag is induced on the pipe by the water in the direction of flow over this 
distance? 

f v = (/3/4jU)(d 2 /4 - r 2 ) dv/dr = (/8/4ju)(-2r) = —2/3r/4ju 

x = (dv/dr) = ju(-2jSr/4/r) = -2/8r/4 

At the wall, r = d/2. Hence, 

-2p(d/2) fid . ~2p(d/4) pd 

Twau 4 4 r r=d/4 4 g 

Drag = (T wal ,)(area) = (r waU )(jrdL) = (Pd/4)(jtdL) = pd 2 nL/4 
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1.70 A large plate moves with speed v 0 over a stationary plate on a layer of oil (see Fig. 1-5). If the velocity profile is 
that of a parabola, with the oil at the plates having the same velocity as the plates, what is the shear stress on 
the moving plate from the oil? If a linear profile is assumed, what is the shear stress on the upper plate? 

# For a parabolic profile, v 2 = ay. When y = d, v = v 0 . Hence, vl = ad, a = v 2 Jd. Therefore, 

v 2 = (vl/d)(y) = (vl)(y/d) v = v 0 ^/y]d dv/dy = [(u 0 )(l/VS)(|)(>>“ 1/2 )] 

z = fi (dv/dy) = #i[(v 0 )(l /Vd)(\)(y~ m )] 

Fory = d, r = ju[(u 0 )(l /\fd)(\)(d~ y2 )] = fiv 0 /(2d). For a linear profile, dv/dy = v 0 /d, x = fi(vjd). 


v 0 


Fig. 1-5 

1.71 A square block weighing 1.1 kN and 250 mm on an edge slides down an incline on a film of oil 6.0 fim thick (see 
Fig. 1-6). Assuming a linear velocity profile in the oil, what is the terminal speed of the block? The viscosity of 
the oil is 7 mPa • s. 

I x = n (dv/dy) = (7 x 10~ 3 )[u r /(6.0 X 10“ 6 )] = 1167u r F f = xA = (1167w r )(0.250) 2 = 72.9v r 

At the terminal condition, equilibrium occurs. Hence, 1100 sin 20° = 72.9v T , v T = 5.16 m/s. 




1.72 A piston of weight 21 lb slides in a lubricated pipe, as shown in Fig. 1-7. The clearance between piston and pipe 
is 0.001 in. If the piston decelerates at 2.1 ft/s 2 when the speed is 21 ft/s, what is the viscosity of the oil? 

I x = n (dv/dy) = ju[u/(0.001/12)] = 12 000/ru 

F f = xA = 12 000juu[(jr)( T 6 5 )(^)] = 7854/w 
2F = ma 21 - (7854)(|<)(21) = (21/32.2)(-2.1) n = 1.36 x HT 4 lb • s/ft 2 


Fig. 1-7 



1.73 A piston is moving through a cylinder at a speed of 19 ft/s, as shown in Fig. 1-8. The film of oil separating the 
piston from the cylinder has a viscosity of 0.020 lb • s/ft 2 . What is the force required to maintain this motion? 

f Assume a cylindrically symmetric, linear velocity profile for the flow of oil in the film. To find the frictional 
resistance, compute the shear stress at the piston surface. 


dv 

x = n~- = 0.020 
dr 


(5.000 - 4.990)/2 


(12) = 912 lb/ft 2 ^ = r>1=912 [ w (^^)(^) =2981b 
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1.74 To damp oscillations, the {jointer of a galvanometer is fixed to a circular disk which turns in a container of oil 
(see Fig. 1-9). What is the damping torque for (o = 0.3 rad/s if the oil has a viscosity of 8 x 10 3 Pa • s? Neglect 
edge effects. 

f Assume at any point that the velocity profile of the oil is linear dv/dn = ra>/(0.5/1000) = 

(r)(0.3)/(0.5/1000) = 600r; r = /i (dv/dn) = fi(600r) = (8 x 10~ 3 )(600r) = 4.80r. The force dF f on dA on the 
upper face of the disc is then dF f = r dA = (4.80r)(r dd dr) = 4.80r 2 dd dr. The torque dT for dA on the upper 
face is then dT = r dF f = r(4.80r 2 dd dr) = 4.80r 3 dd dr. The total resisting torque on both faces is 

r ,-0.075/2 r2n -i r 4-.0.075/2 

T = 2 4.80r 3 dd dr = (9.60)(2;r) — = 2.98 x 10“ 5 N • m 



1.75 


For angular velocity 0.3 rad/s of the mechanism of Prob. 1.74, express the damping torque (in N • m) as a 
function of displacement x (in mm) of the disk from its center position (Fig. 1-10). 

f Assume at any point that the velocity profile of the oil is linear; r = n (dv/dn). For the upper face, 
dv/dn = rw/[(0.5 -x)/1000] = (r)(0.3)/[(0.5 -x)/1000]; r = (8 x HT 3 ){(r)(0.3)/[(0.5 -x)/1000]} = 

2.40r/(0.5 - x). The force dF f on dA on the upper face of the disc is then dF f = r dA = [2.40r/(0.5 — x)](r dd dr) = 
[2.40r 2 /(0.5 — jc)] (dd dr). The torque dT for dA on the upper face is then dT = r dF f = r[2.40r 2 /(0.5 — jc)] (dd dr) 
[2.40r 3 /(0.5 — x)] (dddr). For the lower face, dv/dn = ra>/[(0.5 +x)/1000] = r(0.3)/[(0.5 +x)/1000]; 
r = (8 x 10 _3 ){r(0.3)/[(0.5 + jc)/ 1000]} = 2.40r/(0.5 +x). TTie force dF f on dA on the lower face of the disc is 
then dF f = rdA — [2.40r/(0.5 + x)](r dd dr) = [2.40r 2 /(0.5 + x)] (dddr). The torque dT for dA on the lower face 
is then dT = rdF f = r[2.40r 2 /(0.5 +jc)] (dddr) = [2.40r 3 /(0.5 + x)] (dddr). The total resisting torque on 
both faces is 


.0,075/2 .2* 2 .40r 3 .0.075/2 .2» 2.40r 3 

i SJ^, Mdr + l, l a 

ll 1 \ p 4-|0.075/2 , 

= (o^ + oT^) (2 - 40)(2jr) [4j 0 =( 


dddr 


5 + x 

,4-,0.075/2 /Q.5+JC+0.5-X 


0.25-x 2 


^(7.46 x 


10 ” 6 ) 


7.46 x 10" 
: 0.25-x 2 
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Fig. 1-10 


1.76 


A conical body turns in a container, as shown in Fig. 1-11, at constant speed 11 rad/s. A uniform 0.01-in film of 
oil with viscosity 3.125 x 10 -7 lb • s/in 2 separates the cone from the container. What torque is required to 
maintain this motion, if the cone has a 2-in radius at its base and is 4 in tall? 

f Consider the conical surface first (r/ 2 = z/4, r = z/2). The stress on this element is t = p (dv/dx) = 
H(rco/0.01) = (3.125 x 10~ 7 )[(z/2)(ll)/0.01] = 1.719 x 10~ 4 z. The area of the strip shown is 
dA = 2nrds = (2^rz/2)[dz/(4/\/20)] = 3.512z dz. The torque on the strip is dT = r (dA)(r) = 

(1.719 x 10~ 4 z)(3.512z dz)(z/2) = 3.019 x 10-“z 3 dz. 

7, = j£ 3.019 x 10“ 4 z 3 dz = 3.019 x 10~ 4 [^] = 0.01932 in • lb 


Next consider the base: dF f = r dA, r = /r(r<w/0.01) = (3.125 x 10 7 )[(r)(ll)/0.01] = 3.438 x 10 *r, dF f = 
(3.438 x 10 *r)(r dO dr) = 3.438 x \0~*r 2 dddr, dT 2 = (3.438 x \0~*r 2 dd dr)(r) = 3.438 x 10^ 'V dd dr. 

T 2 = [ f 3.438 x 10- 
Jo Jo 

T, ot = 0.01932 + 0.00864 = 0.0280 in • lb 


V 3 dddr = (3.438 X 10 4 )(2zr)[ ~ = 0.00864 in • lb 

- 4 Jo 



1.77 In Fig. 1-12, if the fluid is SAE 30 oil at 20 °C and D =7 mm, what shear stress is required to move the upper 
plate at 3.5 m/s? Compute the Reynolds number based on D. 

f r = n ( dv/dh) = (0.440)[3.5/(^g)] = 220 Pa 

N„ = pDv/n = (888)( f®o)(3.5)/0.440 = 49.4 



Fig. 1-12 
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1.78 Benzene at 20 °C has a viscosity of 0.000651 Pa • s. What shear stress is required to deform this fluid at a strain 
rate of 4900 s - '? 

I t = n (dv/dx) = (0.000651)(4900) = 3.19 Pa 

1.79 SAE 30 oil at 20 °C is sheared between two parallel plates 0.005 in apart with the lower plate fixed and the 
upper plate moving at 13 ft/s. Compute the shear stress in the oil. 

I r = n ( dv/dh ) = (9.20 x 10" 3 )[13/(0.005/12)] = 287 lb/ft 2 

1 JO An 18-kg slab slides down a 15° inclined plane on a 3-mm-thick film of SAE 10 oil at 20 °C; the contact area is 

0.3 m 2 . Find the terminal velocity of the slab. 

f See Fig. 1-13. 

ZF X = 0 W sin 6 - = 0 

r = n ( dv/dy) = (8.14 x 10 _2 )(u r /0.003) = 27.1u r 
[(18)(9.81)](sin 15°) - (27.1t/ r )(0.3) = 0 v T = 5.62 m/s 

3 - 


X Fig. 1-13 



1.81 A shaft 70.0 mm in diameter is being pushed at a speed of 400 mm/s through a bearing sleeve 70.2 mm in 

diameter and 250 mm long. The clearance, assumed uniform, is filled with oil at 20 °C with v = 0.005 m 2 /s and 
s.g. = 0.9. Find the force exerted by the oil on the shaft. 

f F=xA t = h (dv/dr) n = pv = [(0.9)(998)](0.005) = 4.49 kg/(m • s) 

dr = (0.0702 - 0.0700)/2 = 0.0001 m x = (4.49)(0.4/0.0001) = 17 960 N/m 2 
A = (jr)(7.00/100)(25/100) = 0.05498 m 2 F = (17 960)(0.05498) = 987 N 


1.82 If the shaft in Prob. 1.81 is fixed axially and rotated inside the sleeve at 2000 rpm, determine the resisting torque 
exerted by the oil and the power required to rotate the shaft. 

f T = xAr x — n (dv/dr) 

v = roj = [(7.00/2)/100][(2000)(2nr/60)] = 7.330 m/s dr = 0.0001 m 

x = (4.49)(7.330/0.0001) = 329.1 x 10 3 N/m 2 A = (jr)(7.00/100)( 1 l) = 0.05498 m 2 

T = (329.1 x 10 3 )(0.05498)[(7.00/2)/100] = 633 N • m 

P = <x)T = [(2000)(2jt/ 60)](633) = 132.6 x 10 3 W or 132.6 kW 


1.83 A steel (7850-kg/m 3 ) shaft 40.0 mm in diameter and 350 mm long falls of its own weight inside a vertical open 
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tube 40.2 mm in diameter. The clearance, assumed uniform, is a film of SAE 30 oil at 20 °C. What speed will 
the cylinder ultimately reach? 

I W shaSt =zA = [(7850)(9.81)][(0.350)(*)(0.0400)74] = 33.87 N 

dr = (0.0402 - 0.0400)/2 = 0.0001 m 

t = fi ( dy/dr ) = (0.440)(u r /0.0001) = 4400v r 
A = (^)(4.00/100)(to) = 0.04398 m 2 33.87 = (4400u r )(0.04398) =0.1750 m/s 

1.84 Air at 20 °C forms a boundary layer near a solid wall, in which the velocity profile is sinusoidal (see Fig. 1-14). 
The boundary-layer thickness is 7 mm and the peak velocity is 9 m/s. Compute the shear stress in the boundary 
layer at y equal to (a) 0, (b) 3.5 mm, and (c) 7 mm. 

I x = n ( dvtdy) v = v max sin [jty/(26)] 

dv/dy = [jiv m J(2d)\ cos [jtyl(2b)\ = {(^r)(9)/[(2)(0.007)]} cos {jry/[(2)(0.007)]} = 2020 cos (224.4y) 

Note: “224.4y” in the above equation is in radians. 

r = (1.81 x 10“ 5 )[2020 cos (224.4y)] = 0.03656 cos (224.4y) 

(a) At y = 0, r = 0.03656 cos [(224.4)(0)] = 0.0366 Pa. (b) At y = 0.0035 m, x = 

0.03656 cos [(224.4)(0.0035)] = 0.0259 Pa. (c) At y = 0.007 m, x = 0.03656 cos [(224.4)(0.007)] = 0. 

= 9 m/s 

Peak 

Sine wave 

Fig. 1-14 

1.85 A disk of radius r 0 rotates at angular velocity w inside an oil bath of viscosity fi, as shown in Fig. 1-15. Assuming 
a linear velocity profile and neglecting shear on the outer disk edges, derive an expression for the viscous torque 
on the disk. 

f r = fi (dv/dy) = fi(rco/h) (on both sides) 

dT = (2)(rxdA) = (2){(r)[n(rw / h)](2jzr dr)} = (4fiam/h)(r 3 dr) 

^ pM/icwr 3 4fiu>7z |> 4 ] r ° nfuorl 





1.86 A 35-cm-by-55-cm block slides on oil (fi = 0.81 Pa • s) over a large plane surface. What force is required to drag 
the block at 3 m/s, if the separating oil film is 0.6 mm thick? 

I x = fi (dv/dx) = (0.81)[3/(0.6/1000)] = 4050 N/m 2 F = xA = (4050)[(^)(^,)] = 780 N 

1.87 The 1.5-in (0.125-ft) gap between two large plane surfaces is filled with SAE 30 oil at 80 °F 

(fi = 0.0063 lb • s/ft 2 ). What force is required to drag a very thin plate of 5-ft 2 area between the surfaces at a 
speed of 0.5 ft/s if this plate is equally spaced between the two surfaces? 

I x — ft (dv/dx) = (0.0063)[0.5/(0.125/2)] = 0.0504 lb/ft 2 F = xA = (0.0504)(5) = 0.252 lb 

Since there are two sides, F required = (2)(0.252), or 0.504 lb. 
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1.88 Rework Prob. 1.87 if the plate is at a distance of 0.50 in (0.0417 ft) from one surface. 

I x = p (dv/dx) t, = (0.0063)(0. 5/0.0417) = 0.0755 lb/ft 2 

F = xA F, = (0.0755)(5) = 0.3775 lb r 2 = (0.0063)[0.5/(0.125 - 0.0417)] = 0.0378 lb/ft 2 
F 2 = (0.0378)(5) = 0.1890 lb F rcquired = F, + F 2 = 0.3775 + 0.1890 = 0.566 lb 

1.89 A 10.000-in-diameter plunger slides in a 10.006-in-diameter cylinder, the annular space being filled with oil 
having a kinematic viscosity of 0.004 ft 2 /s and specific gravity of 0.85. If the plunger moves at 0.6 ft/s, find the 
frictional resistance when 9 ft is engaged in the cylinder. 

I x = p (dv/dx) p = y/g = [(0.85)(62.4)]/32.2 = 1.647 slugs/ft 3 

P = pv = (1.647)(0.004) = 0.006588 lb • s/ft 2 dx = [(10.006 - 10.000)/2]/12 = 0.000250 ft 
x = (0.006588)(0.6/0.000250) = 15.81 lb/ft 2 F f = xA = (15.81)[(9)(jr)(|§)] = 373 lb 

1.90 A 6.00-in shaft rides in a 6.01-in sleeve 8 in long, the clearance space (assumed to be uniform) being filled with 
lubricating oil at 100 °F (p = 0.0018 lb • s/ft 2 ). Calculate the rate at which heat is generated when the shaft turns 
at 90 rpm. 

f dv = (o(circumference) = §§[je( 6.00/12)] = 2.356 ft/s 

dx = [(6.01 - 6.00)/2]/12 = 0.0004167 ft 
x — p (dv/dx) = (0.0018)(2.356/0.0004167) = 10.18 lb/ft 2 
Fjr= xA = 10.18[jr(8.00/12)(£)] = 10.661b 
Rate of energy loss = F f v = (10.66)(2.356) = 25.11 ft • lb/s 
Rate of heat generation = (25.11)(3600)/778 = 116 Btu/h 

1.91 A 10.00-cm shaft rides in an 10.03-cm sleeve 12 cm long, the clearance space (assumed to be uniform) being 
filled with lubricating oil at 40 °C (p = 0.11 Pa • s). Calculate the rate at which heat is generated when the shaft 
turns at 100 rpm. 

f dv = w(circumference) = w[jt(°- 1°)] = 0.5236 m/s dx = (0.1003 - 0.1000)/2 = 0.00015 m 

r = p (dv/dx) = (0.11)(0.5236)/0.00015) = 384.0 N/m 2 
F f =xA = 384.0[;r(0.12)(0.10)] = 14.48 N 
Rate of energy loss = F f v = (14.48)(0.5236) = 7.582 N • m/s = 7.582 W 


In using a rotating-cylinder viscometer, a bottom correction must be applied to account for the drag on the flat 
bottom of the cylinder. Calculate the theoretical amount of this torque correction, neglecting centrifugal effects, 
for a cylinder of diameter d, rotated at a constant angular velocity oj, in a liquid of viscosity p, with a clearance 
Ah between the bottom of the inner cylinder and the floor of the outer one. 

I Let r = variable radius. T = J rx dA, r = p (dv/dx) = p(rio/Ah), dA = 2 jxr dr. 




jcpwd 4 
32 Ah 


Assuming a boundary-layer velocity distribution as shown in Fig. 1-16, which is a parabola having its vertex 3 in 
from the wall, calculate the shear stresses for y = 0, 1 in, 2in, and 3 in. Use p = 0.00835 lb • s/ft 2 . 

I x = p (dv/dy). At y = 0, v = 0 and at y = 3 in, v = 6 ft/s, or 72 in/s. The equation of the parabola is 
u = 72 - (8)(3 — y) 2 (y in inches gives v in inches per second); dv/dy = (16)(3 -y); x = (0.00835)[(16)(3 -y)] = 
0.4008 - 0.1336y. At y = 0, r = 0.4008 - (0.1336)(0) = 0.401 lb/ft 2 . At y = 1 in, x = 0.4008 - (0.1336)(1) = 

0.267 lb/ft 2 . At y = 2 in, x = 0.4008 - (0.1336)(2) = 0.134 lb/ft 2 . At y = 3 in, r = 0.4008 - (0.1336)(3) = 0. 
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1.94 



Fig. 1-16 


In Fig. l-17a, oil of viscosity /x fills the small gap of thickness Y. Determine an expression for the torque T 
required to rotate the truncated cone at constant speed a>. Neglect fluid stress exerted on the circular bottom. 

f See Fig. \-Ylb. r = |x ( dv/dy ), v = rco - (y tan a)(co), dv/dy = (y tan a)(u))/Y. 

_ r(y tan ar)(a>)l _ nyto tan a 

T ~ fi l y J y 


dA - 2jtr ds = 2n(y tan a)(dy/cos a) = 2 jty (tan a /cos a)(dy ) 


dF =xdA 


at .xr i . . (2kiuo tan 2 cr\ , /2jtfi(o tan 3 a\ , , 

dT = rdF = (y tan Qe) —-- )y 2 dy = - )y 3 dy 

\ Y cos a ) \ Y cos a / 

= r +b / 2jcfuo tan 3 q \ A _ ! 2n\xw tan 3 _ /2nr/x® tan 3 a\ Ua + b ) 4 a 4 ] 

l \ Y cos a r y \ Y cos a /L 4 J a V ycosar )[ 4 4J 


y cos 
/ jz/xo) tan 3 a' 


2 Y cos 


^)[(« + h) 4 -n 4 ] 




dy = ds cos a 



-jy... 

COS Cl 


1.95 A Newtonian fluid fills the gap between a shaft and a concentric sleeve. When a force of 788 N is applied to the 
sleeve parallel to the shaft, the sleeve attains a speed of 2 m/s. If a 1400-N force is applied, what speed will the 
sleeve attain? The temperature of the sleeve remains constant. 

I r = F/A = fj. (dv/dx); F/dv = fiA/dx = constant. Therefore, FJdv, = F 1 /dv 2 , 7 f = 1400/du 2 , dv 2 = 3.55 m/s. 

1.96 A plate separated by 0.5 mm from a fixed plate moves at 0.50 m/s under a force per unit area of 4.0 N/m 2 . 
Determine the viscosity of the fluid between the plates. 

I r = n (dv/dx) 4.0 = [0.50/(0.0005)] n = 0.00400 N • s/m 2 = 4.00 mPa • s 

1.97 Determine the viscosity of fluid between shaft and sleeve in Fig. 1-18. 

f r = F/A = jx (dv/dx) 25/[(w)(£)(&)] = /x[0.5/(0.004/12)] fx = 0.0212 lb • s/ft 2 

tin diam 

25 |b y- L- y= Q, ^ ft/s 

-Kla^OOtm 
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1.98 A1 -in-diameter steel cylinder 10 in long falls at 0.6 ft/s inside a tube of slightly larger diameter. A castor-oil film 
of constant thickness is between the cylinder and the tube. Determine the clearance between the cylinder and 
the tube, if the temperature is 100 °F, s.g. = 7.85 for steel, and (i=6x 10 -3 lb • s/ft 2 for castor oil. 

f r = F/A = p (dv/dx) 

F = W = yV = [(7.85)(62.4)][0S)(^)( 1 L) 2 /4] = 2.226 lb 2.226/[(|§)(^)(^)] = (6 x 10- 3 )(0.6/dx) 

dx = 0.0003528 ft or 0.00423 in 

1.99 A piston of diameter 70.00 mm moves inside a cylinder of diameter 70.10 mm. Determine the percent decrease 
in force necessary to move the piston when the lubricant warms from 0 to 120 °C. Values of p for the lubricant 
are 0.01820 Pa ■ s at 0 °C and 0.00206 Pa • s at 120 °C. 

f r = F/A = p (dv/dx)-, F/p = A (dv/dx) = constant. Therefore, AF/F 0 » c = /p 0 - c = (0.01820 — 

0.00206)/0.01820 = 0.887, or 88.7%. 

1.100 A body weighing 100 lb with a flat surface area of 3 ft 2 slides down a lubricated inclined plane making a 35° 
angle with the horizontal. For viscosity of 0.002089 lb • s/ft 2 and a body speed of 3.5 ft/s, determine the 
lubricant film thickness. 

f F = weight of body along inclined plane = 100 sin 35° = 57.4 lb 

T = F/A = fi (dv/dx) 57.4/3 = (0.002089)(3.5/<£t) dx = 0.0003821 ft or 0.00459 in 

1.101 A small drop of water at 80 °F is in contact with the air and has a diameter of 0.0200 in. If the pressure within 
the droplet is 0.082 psi greater than the atmosphere, what is the value of the surface tension? 

I p(nd 2 /4) = (Jid)(a) a = pd/4 = [(0.082)(144)](0.0200/12)/4 = 0.00492 lb/ft 

1.102 Estimate the height to which water at 70 °F will rise in a capillary tube of diameter 0.120 in. 

f h - 4a cos 0/(yd). From Table A-l, a = 0.00500 lb/ft and y = 62.3 lb/ft 3 at 70 °F. Assume 0 = 0° for a clean 
tube, h = (4)(0.00500)(cos 0°)/[(62.3)(0.120/12)] = 0.0321 ft, or 0.385 in. 

1.103 The shape of a hanging drop of liquid is expressible by the following formulation developed from photographic 
studies of the drop: a = (y — y a )(d r ) 2 /H, where a = surface tension, i.e., force per unit length, y = specific 
weight of liquid drop, y 0 = specific weight of vapor around it, d e = diameter of drop at its equator, and H = a 
function determined by experiment. For this equation to be dimensionally homogeneous, what dimensions must 
H possess? 

f Dimensionally, (F/L) = (F/L 3 )(L 2 )/{H}, {H} = (1). Therefore, H is dimensionless. 

1.104 Two clean, parallel glass plates, separated by a distance d = 1.5 mm, are dipped in a bath of water. How far 
does the water rise due to capillary action, if a = 0.0730 N/m? 

f Because the plates are clean, the angle of contact between water and glass is taken as zero. Consider the 
free-body diagram of a unit width of the raised water (Fig. 1-19). Summing forces in the vertical direction gives 
(2 )[(<t)( 0.0015)] - (0.0015) 2 (fi)(y) =0, (2)[(0.0730)(0.0015)] - (0.0015) 2 (/i)(9790) = 0, h =0.00994 m, or 
9.94 mm. 


<T ®" 
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Fig. l-19(c) 
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1.105 A glass tube is inserted in mercury (Fig. 1-20); the common temperature is 20 °C. What is the upward force on 
the glass as a result of surface effects? 

I F = (a)(jrd„)(cos 50°) + (a)(jid ,)(cos 50°) = (0.514)[(^r)(0.035)](cos 50°) + (0.514)[(jr)(0.025)](cos 50°) = 
0.0623 N 



Fig. 1-20 


1.106 In Fig. l-21fl estimate the depression h for mercury in the glass capillary tube. Angle 0 is 40°. 

f Consider the meniscus of the mercury as a free body (see Fig. 1-216) of negligible weight. Summing forces in 
the vertical direction gives -(o)(jid)(cos 6) + (p)(nd 2 / 4) = 0, -(0.5 14)[(jt)( 0.002)](cos 40°) + 
[(13.6)(9790)(6)][(jr)(0.002) 2 /4] = 0, h = 0.00591 m, or 5.91 mm. Actual h must be larger because the weight of 
the meniscus was neglected. 



Free 

surface 

Mercury 


Fig. l-21(a) 



1.107 A narrow trough (Fig. 1-22) is filled with water at 20 °C to the maximum extent. If the gage measures a gage 
pressure of 2.8458 kPa, what is the radius of curvature of the water surface (away from the ends)? 

f p = a/r = p gage - yd = 2845.8 - (9790)(0.290) = 6.70 Pa gage 

6.70 = 0.0728/r r = 0.01087 m or 10.87 mm 


290mm 

....L. 


Fig. 1-22 


1.108 Water at 10 °C is poured into a region between concentric cylinders until water appears above the top of the 

open end (see Fig. 1-23). If the pressure measured by a gage 42 cm below the open end is 4147.38 Pa gage, what 
is the curvature of the water at the top? 


I 


p = a/r = p gage - yd = 4147.38 - (9810)(0.42) = 27.18 Pa gage 
27.18 = 0.0742/r r = 0,00273 m or 2.73 mm 
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Fig. 1-23 


1.109 The rate of twist a of a shaft of any shape may be found by using PrandtVs soap-film analogy. A soap film is 

attached to a sharp edge having the shape of the outside boundary of the shaft cross section (a rectangle here, as 
shown in Fig. 1-24). Air pressure is increased under the film so that it forms an elevated curved surface above 
the boundary. Then 


a = 


M x Ap 
4 oGV 


(radians per unit length) 


where A p = gage air pressure under the soap film, M x = torque transmitted by actual shaft, G — shear modulus 
of actual shaft, and V = volume of air under the soap film and above the cross section formed by the sharp 
edge. For the case at hand, A p = 0.4 lb/ft 2 gage and V = 0.5 in 3 . The angle 9 along the long edge of the cross 
section is measured optically to be 30°. For a torque of 600 lb ■ ft on a shaft having G = 10 x 10 6 lb/in 2 , what 
angle of twist does this analogy predict? 


I 


a 


M X &P 
4 oGV 


To get o, consider a unit length of the long side of the shaft cross section away from the ends (see Fig. l-24c). 
For equilibrium of the film in the vertical direction (remembering there are two surfaces on each side) 
(-4)[(ct)(L)(cos 0)] + pA = 0, (-4)[(a)(^)(cos 30°)] + (0.4)[(0.5)(1)/144] = 0, o = 0.00481 lb/ft; 


a 


_ (600)(0.4) _ 

(4)(0.00481)[(10 x 10 6 )(144)](0.5/1728) 


= 0.0299 rad/ft 


0.5 in 

_1 


Soap 

'film 


T 


E 7ZZZZZZZZZZZZZ1 


-5 in- 


' Edge of the 
shaft 

Fig. l-24(a) 





-0.5 in 


.5 l*» 


/ iv> 

Fig. l-24(c) 


1.110 In using Prandtl’s soap-film analogy (see Prob. 1.109), we wish to check the mechanism for measuring the 

pressure A p under the soap film. Accordingly, we use a circular cross section (Fig. 1-25) for which we have an 
accurate theory for determining the rate of twist a. The surface tension for the soap film is 0.1460 N/m and 
volume V under the film is measured to be 0.001120 m 3 . Compute A p from consideration of the soap film and 
from solid mechanics using the equation given in Prob. 1.109 and the well-known formula from strength of 
materials 


where J, the polar moment of inertia, is jrr 4 /2. Compare the results. 
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f From consideration of the film (see Fig. 1-25), -Ion d cos 45° + (Ap){nd 2 )j4 = 0, 

-(2)(0.1460)(^)®)(cos 45°) + (Ap)[(;r)(t|gj) 2 /4] = 0, A p = 4.13 Pa gage. From strength of materials, equate 
a-’s for the equations given in this problem and in Prob. 1.109. 


M x Ap M x 
4oGV~GJ 


J = 


jrtCfQ/lOOO] 4 

2 


= 0.0001571m 4 


A p 1 

(4)(0.1460)(0.001120) “0.0001571 


A p = 4.16 Pa gage 


The pressure measurement is quite close to what is expected from theory. 




Fig. l-25(«) 


Fig. 1-25(6) 


Fig. l-25(c) 


1.111 


Find the capillary rise in the tube shown in Fig. 1-26 for a water-air-glass interface (0 = 0°) if the tube radius is 
1 mm and the temperature is 20 °C. 


I 


h = 


2 a cos 0 

Pgr 


(2)(0.0728)(cos 0°) 
(1000)(9.81 )(tAb) 


= 0.0148 m 


or 


14.8 mm 



Fig. 1-26 


1.112 Find the capillary rise in the tube shown in Fig. 1-26 for a mercury-air-glass interface with 6 = 130° if the tube 
radius is 1 mm and the temperature is 20 °C. 


I 


2 a cos d (2)(0.514)(cos 130°) 
pgr "(13 570)(9.81)(tAd) 


—0.0050 m or —5.0 mm 


1.113 If a bubble is equivalent to an air-water interface with a = 0.005 lb/ft, what is the pressure difference between 
the inside and outside of a bubble of diameter 0.003 in? 

f p = 2 a/r = (2)(0.005)/[(0.003/2)/12] = 80.0 lb/ft 2 

1.114 A small circular jet of mercury 200 pm in diameter issues from an opening. What is the pressure difference 
between the inside and outside of the jet at 20 °C? 

f See Fig. 1-27. Equating the force due to surface tension (2 oL) and the force due to pressure ( pDL ), 

2oL = pDL, p = 2o/D = (2)(0.514)/(200 x 10~ 6 ) = 5140 Pa. 
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1.115 The surface tensions of mercury and water at 60 °C are 0.47 N/m and 0.0662 N/m, respectively. What 

capillary-height changes will occur in these two fluids when they are in contact with air in a glass tube of radius 
0.30 mm? Use 0 = 130° for mercury, and 0° for water; y = 132.3 kN/m 3 for mercury, and 9.650 kN/m 3 for water. 

. , 2a cos 0 

f h =- 

Pgr 

For mercury: 


For water: 


(2)(0.47)(cos 130°) 
~ (132 300)(0.30/1000) 


-0.0152 m 


or 


—15.2 mm 


(2)(0.0662)(cos 0°) 
“ (9650)(0.30/1000) 


= 0.0457 m 


or 


45.7 mm 


1.116 At 30 °C what diameter glass tube is necessary to keep the capillary-height change of water less than 2 mm2 

- 2a cos 0 2 (2)(0.0712)(cos 0°) 

pgr 1000“ (996)(9.81)(r) 

r = 0.00729 m or 7.29 mm d = (2)(7.29) = 14.6 mm (or greater) 


1.117 A 1-in-diameter soap bubble has an internal pressure 0.0045 lb/in 2 greater than that of the outside atmosphere. 
Compute the surface tension of the soap-air interface. Note that a soap bubble has two interfaces with air, an 
inner and outer surface of nearly the same radius. 

f p = 4a/r (0.0045)(144) = (4)(a)/[(|)/12] a = 0.00675 lb/ft 







1.118 What force is required to lift a thin wire ring 6 cm in diameter from a water surface at 20 °C? 

f Neglecting the weight of the wire, F = oL. Since there is resistance on the inside and outside of the ring, 
F = (2 )(o)(rtd) = (2)(0.0728)[(tt)(0.06)] = 0.0274 N. 


1.119 The glass tube in Fig. 1-28 is used to measure pressure p i in the water tank. The tube diameter is 1 mm and the 
water is at 30 °C. After correcting for surface tension, what is the true water height in the tube? 


h = 


2a cos 0 (2)(0.0712)(cos 0°) 

pgr “ (996)(9.81)[(|)/1000] 

True water height in the tube = 17 — 2.9 = 14.1 cm. 


= 0.029 m or 2.9 cm 


T 

17cm 

1 





Pi 

_L 






Fig. 1-28 
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1.120 An atomizer forms water droplets 45 jum in diameter. Find the excess pressure within these droplets for water at 
30 °C? 

I p = 2 a/r = (2)(0.0712)/[(45 x 10 6 )/2] = 6329 Pa 

1.121 Rework Prob. 1.120 for droplets of 0.0018 in diameter and at 68 °F. 

I p = 2ofr = (2)(0.005)/[(0.0018/2)/12] = 133 lb/ft 2 or 0.93 lb/in 2 

1.122 What is the pressure difference between the inside and outside of a cylindrical water jet when the diameter is 
2.2 mm and the temperature is 10 °C? (See Fig. 1-27.) 

f p = a/r = 0.0742/0.0011 = 67.5 Pa 


1.123 Find the angle the surface tension film leaves the glass for a vertical tube immersed in water if the diameter is 
0.25 in and the capillary rise is 0.08 in. Use a = 0.005 lb/ft. 


f 


2ocos 0 0.08 (2)(0.005)(cos 6) 

pgr 12 ~ (1.94)(32.2)[(0.25/2)/12] 


cos 6 = 0.433806 


0 = 64.3° 


1.124 


Develop a formula for capillary rise between two concentric glass tubes of radii r a and r, and contact angle 0. 
f See Fig. 1-29. Equating the force due to pressure and the force due to surface tension, 

(h)(y)(jirl — nrf) = a(2jrr, + 2jtr a )(cos 0) 

(2)(a)(r, + r a )(cos 0) 2 a cos 0 

Y(rl ~ rf) y(r a - r t ) 



1.125 Distilled water at 10 °C stands in a glass tube of 9.0-mm diameter at a height of 24.0 mm. What is the true static 
height? 


. 2ct cos 0 (2)(0.0742)(cos 0°) 

* ~ pgr ~ (1000)(9.81)[(9.0/2)/1000] 

True static height = 24.0 — 3.4 = 20.6 mm. 


= 0.0034 m or 3.4 mm 


1.126 What capillary depression of mercury (0 = 140°) may be expected in a 0.08-in-diameter tube at 68 °F? 
. , 2(7 cose _ (2)(0.0352) (cos 140°) _ _ A „ 


pgr (26.34)(32.2)[(0.08/2)/12] 


= -0.01908 ft or -0.23 in 


1.127 At the top of Mount Olympus water boils at 85 °C. Approximately how high is the mountain? 

f From Table A-2, water boiling at 85 °C corresponds to a vapor pressure of 58.8 kPa. From Table A-8, this 
corresponds to a standard atmosphere elevation of approximately 4200 m. 




PROPERTIES OF FLUIDS D 23 


1.128 At approximately what temperature will water boil at an elevation of 12 500 ft? 

f From Table A-7, the pressure of the standard atmosphere at 12 500-ft evevation is 9.205 psia, or 1326 lb/ft 2 
abs. From Table A-l, the saturation pressure of water is 1326 lb/ft 2 abs at about 189 °F. Hence, the water will 
boil at 193 °F; this explains why it takes longer to cook at high altitudes. 

1.129 At approximately what temperature will water boil in Denver (elevation 5280 ft)? 

f From Table A-7, the pressure of the standard atmosphere at 5280-ft elevation is 12.12 psia, or 1745 lb/ft 2 
abs. From Table A-l, the saturation pressure of water is 1745 lb/ft 2 abs at about 202 °F. Hence, the water will 
boil at 198 °F. 

1.130 Water at 105 °F is placed in a beaker within an airtight container. Air is gradually pumped out of the container. 
What reduction below standard atmospheric pressure of 14.7 psia must be achieved before the water boils? 

f From Table A-l, p v = 162 lb/ft 2 abs, or 1.12 psia at 105 °F. Hence, pressure must be reduced by 14.7 — 1.12, 
or 13.58 psi. 

1.131 At what pressure will 50 °C water boil? 

I From Table A-2, p„ = 12.3 kPa at 50 °C. Hence, water will boil at 12.3 kPa. 

1.132 At what pressure will cavitation occur at the inlet of a pump that is drawing water at 25 °C? 

I Cavitation occurs when the internal pressure drops to the vapor pressure. From Table A-2, the vapor 
pressure of water at 25 °C is 3.29 kPa. 

1.133 For low-speed (laminar) flow through a circular pipe, as shown in Fig. 1-30, the velocity distribution takes the 
form v = ( B/p)(rl - r 2 ), where p is the fluid viscosity. What are the units of the constant B? 

f Dimensionally, (L/T) = [{B}/(M / LT)\(L 2 ), {B} = ML~ 2 T~ 2 . In SI units, B could be kg/(m 2 • s 2 ), or Pa/m. 



1.134 The mean free path L of a gas is defined as the mean distance traveled by molecules between collisions. 
According to kinetic theory, the mean free path of an ideal gas is given by L = 1.26 (p/p)(RT)~ m , where R is 
the gas constant and T is the absolute temperature. What are the units of the constant 1.26? 

I Dimensionally, L = {1.26}[(M / LT)/(M / L 3 )][(L 2 /T 2 D)(D)]- y2 , L = (1.26}(L), {1.26} = 1. Therefore, the 
constant 1.26 is dimensionless. 

1.135 The Stokes—Oseen formula for the drag force F on a sphere of diameter d in a. fluid stream of low velocity v is 
F = 2>npdv + (9jr/16)(pv 2 d 2 ). Is this formula dimensionally consistent? 

I Dimensionally, (F) = (1)(M/LT)(L)(L/T) + (1){M/L 3 )(L/T) 2 (L) 2 = (ML/T 2 ) + ( ML/T 2 ) = (F) + (F). 
Therefore, the formula is dimensionally consistent. 

1.136 The speed of propagation C of waves traveling at the interface between two fluids is given by C = (jco/ p a X) lfZ , 
where A is the wavelength and p a is the average density of the two fluids. If the formula is dimensionally 
consistent, what are the units of al What might it represent? 

I Dimensionally, {LIT) = [(1 ){o}/(M/L 3 )(Z,)] 1/2 = [{ct}(L 2 /M)] 1/2 , {a} =M/T 2 = F/L. In SI units, a could be 
N/m. (In this formula, a is actually the surface tension.) 
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„ the f„,tewing equation dirnension.lt, homogeneous? u = - W«, where u - aceelemdon, d - dishmce, 

u 0 = velocity, and t - time. 

f L/T 2 = (L)/(T 2 ) - (LfT)l(T) = (LIT 2 ) - (LIT 2 ). Therefore, the equation is homogeneous. 


{61.9} = L l45 r 08 M-° 54 




CHAPTER 2 

Fluid Statics 


2.1 For the dam shown in Fig. 2-1, find the horizontal pressure acting at the face of the dam at 20-ft depth. 
I p = yh- (62.4)(20) = 1248 lb/ft 2 



2.2 For the vessel containing glycerin under pressure as shown in Fig. 2-2, find the pressure at the bottom of the 
tank. 

I p = 50 + y/i = 50 + (12.34)(2.0) = 74.68 kN/m 2 or 74.68 kPa 


J- Fig. 2-2 

2.3 If the pressure in a tank is 50 psi, find the equivalent pressure head of (a) water, (A) mercury, and (c) heavy 
fuel oil with a specific gravity of 0.92. 


f 

h =p/y 

(a) 

h = [(50)(144)]/62.4 = 115.38 ft 

(b) 

h = [(50)(144)]/847.3 = 8.50 ft 

(c) 

h = [(50)(144)]/[(0.92)(62.4)] = 125.42 ft 


SOkPa 

_ 2 . 



Glycerin 


25 
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2.4 A weather report indicates the barometric pressure is 29.75 in of mercury. What is the atmospheric pressure in 
pounds per square inch? 

| p = yh = [(13.6)(62.4)][(29.75/12)]/144 = 14.61 lb/in 2 or 14.61 psi 

2.5 Find the atmospheric pressure in kilopascals if a mercury barometer reads 742 mm. 

I p = y/i = (133.1)(^|) = 98.8kN/m 2 or 98.8 kPa 

2.6 A pressure gage 7.0 m above the bottom of a tank containing a liquid reads 64.94 kPa; another gage at height 
4.0 m reads 87.53 kPa. Compute the specific weight and mass density of the fluid. 

f y = Ap/Afi = (87.53 — 64.94)/(7.0 — 4.0) = 7.53 kN/m 3 or 7530 N/m 3 

p = y/g = 7530/9.81 = 786 kg/m 3 

2.7 A pressure gage 19.0 ft above the bottom of a tank containing a liquid reads 13.19 psi; another gage at height 
14.0 ft reads 15.12 psi. Compute the specific weight, mass density, and specific gravity of the liquid. 

I Ap = y(A/t) (15.12-13.19)(144) = (y)(19.0-14.0) y = 55.6 lb/ft 3 

p = y/g = 55.6/32.2 = 1.73 slug/ft 3 s.g. = 55.6/62.4 = 0.891 

2.8 An open tank contains 5.7 m of water covered with 2.8 m of kerosene (y = 8.0 kN/m 3 ). Find the pressure at the 
interface and at the bottom of the tank. 

f Pim =yh = (8.0)(2.8) = 22.4 kPa 

Pbot = 22.4 + (9.79)(5.7) = 78.2 kPa 

2.9 An open tank contains 9.4 ft of water beneath 1.8 ft of oil (s.g. = 0.85). Find the pressure at the interface and at 
the bottom of the tank. 

I Pin, = yh = [(0.85)(62.4)](1.8)/144 = 0.663 psi 

Pbot = 0.663 + (62.4)(9.4)/144 = 4.74 psi 

2.10 If air had a constant specific weight of 0.076 lb/ft 3 and were incompressible, what would be the height of the 
atmosphere if sea-level pressure were 14.92 psia? 

f h=p/y = (14.92)(144)/0.076 = 28 270 ft 

2.11 If the weight density of mud is given by y = 65.0 + 0.2 h, where y is in lb/ft 3 and depth h is in ft, determine the 
pressure, in psi, at a depth of 17 ft. 

f dp = ydh = (65.0 + 0.2 h) dh. Integrating both sides: p = 65.Oh + 0.1 h 2 . For h — M ft: 
p = (65.0)(17)/144 + (0.1)(17) 2 /144 = 7.87 psi. 

2.12 If the absolute pressure in a gas is 40.0 psia and the atmospheric pressure is 846 mbar abs. find the gage pressure 
in (a) lb/in 2 ; (6) kPa; (c) bar. 

f («) p atm = (846)(0.0145) = 12.3 lb/in 2 p gage = 40.0 - 12.3 = 27.7 lb/in 2 

(b) Pabs = (40.0)(6.894) = 276 kPa p atm = (846)(0.100) = 85 kPa p gage = 276 - 85 = 19i kPa 

(c) p abs = 40.0/14.5 = 2.759 bar p gage = 2.759 - 0.846 = 1.913 bar 

2.13 If the atmospheric pressure is 0.900 bar abs and a gage attached to a tank reads 390 mmHg vacuum, what is the 
absolute pressure within the tank? 

f p — yh p Mm - 0.900 x 100 = 90.0 kPa 

Pgage = [(13-6)(9.79)](^gj) = 51.9 kPa vacuum or —51.9kPa 
Pab S = 90.0 + (-51.9) = 38.1 kPa 
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2.14 If atmospheric pressure is 13.99 psia and a gage attached to a tank reads 7.4 inHg vacuum, find the absolute 
pressure within the tank. 

f P = yh Pgage = [(13.6)(62.4)][(7.4/12)/144] = 3.63 psi vacuum or —3.63psi 

p abs = 13.99 + (-3.63) = 10.36 psia 

2.15 The closed tank in Fig. 2-3 is at 20 °C. If the pressure at point A is 98 kPa abs, what is the absolute pressure at 
point B? What percent error results from neglecting the specific weight of the air? 

I Pa + Y,irh AC - Y» 2 oh DC - YnJtoB =Pb, 98 + (0.0U8)(5) - (9.790)(5 - 3) - (0.0U8)(3) = p B =78.444kPa. 
Neglecting air, p B = 98 - (9.790)(5 - 3) = 78.420 kPa; error = (78.444 - 78.420)/78.444 = 0.00031, or 0.031%. 


2.16 



Kg. 2-3 


The system in Fig. 2-4 is at 70 °F. If the pressure at point A is 2900 lb/ft 2 , determine the pressures at points B, 
C, and D. 

f p B = 2900 — (62.4)(4 — 3) = 2838 Ib/ft 2 p D = 2900 + (62.4)(6) = 3274 lb/ft 2 

p c = 2900 + (62.4)(6 - 2) - (0.075)(5 + 3) = 3149 lb/ft 2 


4ft 


6ft 


Air 

Air 

^7? 

c* 

3ft 



Air 



5ft 



V 

Water 

D 

I 


• 


2 ft 


Kg. 2-4 


2.17 The system in Fig. 2-5 is at 20 °C. If atmospheric pressure is 101.03 kPa and the absolute pressure at the bottom 
of the tank is 231.3 kPa, what is the specific gravity of olive oil? 

f 101.03 + (0.89)(9.79)(1.5) + (9.79)(2.5) + (s.g.)(9.79)(2.9) + (13.6)(9.79)(0.4) = 231.3 s.g. = 1.39 


SAE 30 oil 


Water 


Olive oil 


Mercury 


1- 5 m 

2- 5 m 


2-9 m 


04 m 


Kg. 2-5 
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2.18 Find the pressures at A, B, C, and D in Fig. 2-6. 

I p A = (62.4)(4 + 2) = 374 lb/ft 2 , p B = -(62.4)(2) = -125 lb/ft 2 . Neglecting air, pc=p B = -125 lb/ft 2 ; 
p D = -125 - (62.4)(4 + 2 + 2) = -624 lb/ft 2 . 


Fig. 2-6 

2.19 The tube shown in Fig. 2-7 is filled with oil. Determine the pressure heads at A and B in meters of water. 

I <7iH 2 o)(yH 2 o) = (h oi ,)(You) = (/*ou)[(s.g.oii)(y H2 o)]; therefore, h Hl0 = (/i oil )(s.g. oil ). Thus, h A = 

-(2.2 + 0.6)(0.85) = -2.38 m H 2 0 and h B = (-0.6)(0.85) = -0.51 m H 2 0. 

A 


Fig. 2-7 

2.20 Calculate the pressure, in kPa, at A, B, C, and D in Fig. 2-8. 

I p A = -(0.4 + 0.4)(9.790) = -7.832 kPa; p B = (0.5)(9.790) = 4.895 kPa. Neglecting air, p c = p B = 4.895 kPa 
p D = 4.895 + (0.9)(9.790)(1 + 0.5 + 0.4) = 21.636 kPa. 


Fig. 2-8 

2.21 Convert 9 psi to (a) inches of mercury, (6) feet of water, (c) feet of ichor (s.g. = 2.94). 

I (a) h = ply = [(9)(144)]/[(13.6)(62.4)] = 1.527 ft, or 18.33 inHg 
(ft) h = [(9)(144)]/62.4 = 20.77 ft of water 
(c) h = [(9)(144)]/[(2.94)(62.4)] = 7.06 ft ichor 

2.22 Express an absolute pressure of 5 atm in meters of water gage when the barometer reads 760 mmHg. 

f p abs = (5)(101.3)/9.79 = 51.74 m of water p atm = (0.760)(13.6) = 10.34 m of water 

p gage = 51.74 - 10.34 = 41.40 m of water 
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£ 2.23 Figure 2-9 shows one pressurized tank inside another. If the sum of the readings of Bourdan gages A and B is 
| 34.1 psi, and an aneroid barometer reads 29.90 inHg, what is the absolute pressure at A, in inHg? 

I h=p/y h A +h B = 34.1/[(13.6)(62.4)/(12) 3 ] = 69.44 inHg 

f = 29-90 + 69.44 = 99.34 inHg 



Fig. 2-9 


L24 Determine the heights of columns of water, kerosene (ker), and nectar (s.g. = 2.94) equivalent to 277 mmHg. 

^ C^Hg)(VHg) H20) (yHjo) ker) (Vlccr) (^ncctar)( y nectar) 

0.277[(13.6)(9.79)] = (h Hj o)(9.79) h„ 2 a = 3.77 m 
0.277[(13.6)(9.79)] = (h k „)[(0.82)(9.79)] h kct = 4.59 m 

0.277[(13.6)(9.79)] = (h ntcwr )[(2.94)(9.79)] h necttr = 1.28 m 

2.25 In Fig. 2-10, if h = 25.5 in, determine the pressure at A. The liquid has a specific gravity of 1.85. 

I p = yh = [(1.85)(62.4)][25.5/12] = 245.3 lb/ft 2 or 1.70 psi 


mm 


Fig. 2-10 

2.26 For the pressure vessel containing glycerin, with piezometer attached, as shown in Fig. 2-11, what is the 
pressure at point A1 

| p = yh = [(1.26)(62.4)] (40.8/12) = 267 lb/ft 2 

Open to atmosphere 


Glycerin 



40.8 in 


Fig. 2-11 









30 


0 CHAPTER 2 


2.27 For the open tank, with piezometers attached on the side, containing two different immiscible liquids, as shown 
in Fig. 2-12, find the (a) elevation of the liquid surface in piezometer A, ( b ) elevation of the liquid surface in 
piezometer B, and (c) total pressure at the bottom of the tank. 

f (a) Liquid A will simply rise in piezometer A to the same elevation as liquid A in the tank (i.e., to elevation 
2 m). ( b ) Liquid B will rise in piezometer B to elevation 0.3 m (as a result of the pressure exerted by liquid B) 
plus an additional amount as a result of the overlying pressure of liquid A. The overlying pressure can be 
determined by p = yh = [(0.72)(9.79)](2 - 0.3) = 11.98 kN/m 2 . The height liquid B will rise in piezometer B as a 
result of the overlying pressure of liquid A can be determined by h = ply = 11.98/[(2.36)(9.79)] = 0.519 m. 
Hence, liquid B will rise in piezometer B to an elevation of 0.3 m + 0.519 m, or 0.819 m. 

(c) Pbottom = [(0.72)(9.79)](2 - 0.3) + [(2.36)(9.79)](0.3) = 18.9 kPa. 


A B 



2.28 The air-oil-water system shown in Fig. 2-13 is at 70 °F. If gage A reads 16.1 lb/in 2 abs and gage B reads 
2.00 lb/in 2 less than gage C, compute (a) the specific weight of the oil and ( b ) the reading of gage C. 

I (a) (16.1)(144) + (0.0750)(3) + (y oi ,)(2 )=p„, p B + (y 0 ,i)(2) + (62.4)(3) =p c . Since p c -p B = 2.00, 
(y„i.)(2) + (62.4)(3) = (2.00)(144), y oil = 50.4 lb/ft 3 . (6) (16.1)(144) + (0.0750)(3) + (50.4)(2) = />«, 
p B = 2419 lb/ft 2 ; p c = 2419 + (2.00)(144) = 2707 lb/ft 2 , or 18.80 lb/in 2 . 


16.1 lb /in 2 abs 



Fig. 2-13 


2.29 For a gage reading at A of -2.50 psi, determine the (a) elevations of the liquids in the open piezometer 

columns E, F, and G and (b) deflection of the mercury in the U-tube gage in Fig. 2-14. Neglect the weight of 
the air. 

f (a) The liquid between the air and the water would rise to elevation 49.00 ft in piezometer column E as a 
result of its weight. The actual liquid level in the piezometer will be lower, however, because of the vacuum in 
the air above the liquid. The amount the liquid level will be lowered (h in Fig. 2-14) can be determined by 


I 

£ 
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(-2.50)(144) + [(0.700)(62.4)](/i) = 0 ,h = 8.24 ft. Elevation at L = 49.00 - 8.24 = 40.76ft; (-2.50)(144) + 
[(0.700)(62.4)][49.00 - 38.00) = p M , p M = 120.5 lb/ft 2 . Hence, pressure head at M = 120.5/62.4 = 1.93 ft of 
water. Elevation at N = 38.00 + 1.93 = 39.93 ft; 120.5 + (62.4)(38.00 - 26.00) = p Q , Po = 869.3 lb/ft 2 . Hence, 
pressure head at O = 869.3/[(1.600)(62.4)] = 8.71 ft (of the liquid with s.g. = 1.600). Elevation at Q = 

26.00 + 8.71 = 34.71 ft. ( b ) 869.3 + (62.4)(26.00 - 14.00) - [(13.6)(62.4)](fc,) = 0, h t = 1.91 ft. 



2.30 A vessel containing oil under pressure is shown in Fig. 2-15. Find the elevation of the oil surface in the attached 
piezometer. 

I Elevation of oil surface in piezometer = 2 + 35/[(0.83)(9.79)] = 6.31 m 



2.31 The reading of an automobile fuel gage is proportional to the gage pressure at the bottom of the tank 

(Fig. 2-16). If the tank is 32 cm deep and is contaminated with 3 cm of water, how many centimeters of air 
remains at the top when the gage indicates “full”? Use y gasoline = 6670 N/m 3 and y air =11.8 N/m 3 . 

I When full of gasoline, p gage = (6670)(0.32) = 2134 Pa. With water added, 2134 = (9790)(0.03) + 
(6670)[(0.32 - 0.03) - h] + (11.8)(*), h = 0.0141 m, or 1.41 cm. 
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2.32 



Fig. 2-16 


The hydraulic jack shown in Fig. 2-17 is filled with oil at 55 lb/ft 3 . Neglecting the weight of the two pistons, what 
force Fon the handle is required to support the 2200-lb weight? 

f The pressure against the large and the small piston is the same, p = W/A largc = 2200/[jt(^ ) z /4] = 

44 818 lb/ft 2 . Let P be the force from the small piston onto the handle. P = pA, mM = (44 818)[jr(^) 2 /4] = 244 lb. 
For the handle, 2M A = 0 = (16 + 1)(F) - (1)(244), F = 14.4 lb. 



2.33 Figure 2-18 shows a setup with a vessel containing a plunger and a cylinder. What force Fis required to balance 
the weight of the cylinder if the weight of the plunger is negligible? 

I 10 000/500-[(0.78)(62.4)](15)/144 = F/5 F = 74.6 lb 


Sfc* 




2.34 For the vertical pipe with manometer attached, as shown in Fig. 2-19, find the pressure in the oil at point A. 
I p A + [(0.91)(62.4)](7.22) — [(13.6)(62.4)](1.00) = 0 p A = 438.7 lb/ft 2 or 3.05 lb/in 2 
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A monometer is attached to a tank containing three different fluids, as shown in Fig. 2-20. What will be the 
difference in elevation of the mercury column in the manometer (i.e., y in Fig. 2-20)? 

I 30 + [(0.82)(9.79)](5 - 2) + (9.79)(2 - 0) + (9.79)(1.00) - [(13.6)(9.79)]y =0 y =0.627 m 


Elev. 6 m 


Elev. 5 m 

Air pressure = 30 kPs ^ 


— -- 

r 

Oil 

Elev. 2 m 

(s.g. = 0.82) 


Mercury 
(s.g. = 13.6) 

Fig. 2-20 

Oil of specific gravity 0.750 flows through the nozzle shown in Fig. 2-21 and deflects the mercury in the U-tube 
gage. Determine the value of h if the pressure at A is 20.0 psi. 

20.0 + [(0.750X62,4)](2.75 + A)/144 - [(13.6)(62.4)](A)/144 = 0 h =3.75 ft 



I 
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Fig. 2-21 


2.37 Determine the reading h in Fig. 2-22 for p A = 39 kPa vacuum if the liquid is kerosene (s.g. = 0.83). 
* -39 + [(0.83)(9.79)]/i=0 h = 4.800 m 


2.38 


2.39 



Fig. 2-22 

In Fig. 2-22, the liquid is water. If h = 9 in and the barometer reading is 29.8 inHg, find p A in feet of water 
absolute. 

1 u = (13.6)(29.8/12) p A = 33.0 ft of water absolute 

leaHina 2 2 70q ' 8 ‘ = 0 84 ’ s g ' 2 = 10 > h * = 96 mm, and hi = 159 mm. Find/;* in mmHg gage. If the barometer 
reading is 729 mmHg, what is p A in mmH 2 0 absolute? 

1 p A + (0.84)(96) — (1.0)(159) = 0 

p A = 78.4 mmH 2 0 gage = 78.4/13.6 = 5.76 mmHg gage 
= 78.4 + (13.6)(729) = 9993 mmH 2 0 absolute 



2.40 At 20 C, gage A in Fig. 2-24 reads 290 kPa abs. What is the height h of water? What does gage B read? 

I 290 - [(13.6)(9.79)](^jj) — 9.79h = 175 h = 2.227 m 

Pb ~ (9.79)($j + 2.227) = 175 p B = 204 kPa 
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2.41 The U-tube shown in Fig. 2-25« is 10 mm in diameter and contains mercury. If 12.0 mL of water is poured into 
the right-hand leg, what are the ultimate heights in the two legs? 

f After the water is poured, the orientation of the liquids will be as shown in Fig. 2-25 b ; h — 

(12.0 x 10 3 mm 3 )/jr(5 mm) 2 = 152.8 mm, (13.6)(240 — L) = 13.6 L + 152.8, L = 114.4 mm. Left leg height above 
bottom of U-tube = 240 — 114.4 = 125.6 mm; right leg height above bottom of U-tube = 114.4 + 152.8 = 

267.2 mm. 



120 mm Fig. 2-25(a) 120 mm Fig. 2-25(1!)) 


2.42 Assuming sea water to have a constant specific weight of 10.05 kN/m 3 , what is the absolute pressure at a depth 
of 10 km? 

I p = 1 + (10.05)(10 000)/101.3 = 993 atm 


2.43 In Fig. 2-26, fluid 2 is carbon tetrachloride and fluid 1 is benzene. If p atm is 101.5 kPa, determine the absolute 
pressure at point A. 

I 101.5 + (15.57)(0.35) — (8.62)(0.12) = p A p A = 105.9 kPa 


2.44 In Fig. 2-27 a, the manometer reads 4 in when atmospheric pressure is 14.7 psia. If the absolute pressure at A is 

doubled, what is the new manometer reading? 

f p A + (62.4)(3.5) - [(13.6)(62.4)](£) = (14.7)(144), p A = 2181 lb/ft 2 . If p A is doubled to 4362 lb/ft 2 , the 
mercury level will fall x inches on the left side of the manometer and will rise by that amount on the right side of 
the manometer (see Fig. 2-27 b). Hence, 4362 + (62.4)(3.5 + x/12) - [(13.6)(62.4)][(4 + 2x)/12] = (14.7)(144), 
x = 16.0 in. New manometer reading = 4 + (2)(16.0) = 36.0 in. 
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2.50 


A differential manometer is shown in Fig. 2-33. Calculate the pressure difference between points A and B. 
I p A + [(0.92)(62.4)][(jc + 12)/12] - [(13.6)(62.4)](H) - [(0.92)(62.4)][(x + 24)/12] =p B 



2.51 A differential manometer is attached to a pipe, as shown in Fig. 2.34. Calculate the pressure difference between 
points A and B. 

I p A + [(0.91X62.4)10712) - [(13.6)(62.4)1&) - [(0.91)(62.4)][(y - 4)/12] = /> B 

p A ~Pb- 264 lb/ft 2 



Fig. 2-34 


2.52 


A differential manometer is attached to a pipe, as shown in Fig. 2-35. Calculate the pressure difference between 
points A and B. 


I p A - [(0.91)(62.4)]0712) -[(13.6)(62.4)](4) + [(0.91)(62.4)][O* + 4)/12] =p B 

p A -p B = 264 lb/ft 2 
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2.53 For the configuration shown in Fig. 2-36, calculate the weight of the piston if the gage pressure reading is 
70.0 kPa. 

I Let W = weight of the piston. W/[(jt)(1) 2 /4] - [(0.86)(9.79)](1) = 70.0, W = 61.6 kN. 



Gage 


Fig. 2-36 


2.54 A manometer is attached to a horizontal oil pipe, as shown in Fig. 2-37. If the pressure at point A is 10 psi, find 
the distance between the two mercury surfaces in the manometer (i.e., determine the distance y in Fig. 2-37). 

I (10)(144) + [(0:90)(62.4)](3 +y)~ [(13.6)(62.4)]y = 0 y = 2.03 ft or 24.4 in 



Fig. 2-37 


2.55 A vertical pipe with attached gage and manometer is shown in Fig. 2-38. What will be the gage reading in 
pounds per square inch if there is no flow in the pipe? 

f Gage reading + [(0.85)(62.4)](2 + 8)/144 — [(13.6)(62.4)](}§)/144 = 0 Gage reading = 5.16 psi 

2.56 A monometer is attached to a vertical pipe, as shown in Fig. 2-39. Calculate the pressure difference between 
points A and B. 

I p A - (62.4)(5 +1) - [(13.6)(62.4)](2) + (62.4)(2 + 1) =p B 

Pa~Pb = 1884 lb/ft 2 or 13.1 lb/in 2 

2.57 A manometer is attached to a water tank, as shown in Fig. 2-40. Find the height of the free water surface above 
the bottom of the tank. 

f 


(9.79)(H - 0.15) - [(13.6)(9.79)](0.20) = 0 H = 2.87 m 
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Mercury 

(s.g. = 13.6) Rg. 2-40 


2.58 A differential manometer is attached to two tanks, as shown in Fig. 2-41. Calculate the pressure difference 
between chambers A and B. 

f Pa + [(0.89)(9.79)](1.1) + [(13.6)(9.79)](0.3) - [(1.59)(9.79)](0.8) =p„ 

p A -p B = -37.1 kN/m 2 (i.e., p B >Pa) 



[Calculate the pressure difference between A and B for the setup shown in Fig. 2-42. 

I Pa + (62.4)(66.6/12) - [(13.6)(62.4)](40.3/12) + (62.4)(22.2/12) 

- [(13.6)(62.4)](30.0/12) - (62.4)(10.0/12) =p 8 

p A —p B = 4562lb/ft 2 or 31.7lb/in 2 


Calculate the pressure difference between A and B for the setup shown in Fig. 2-43. 

| pA _ (9.79)* _ [(0.8)(9.79)](0.70) + (9.79)(x - 0.80) =p B p A ~Pb = 13.3 kN/m 2 


Calculate the pressure difference between A and B for the setup shown in Fig. 2-44. 

| p A + (62.4)(x + 4) - [(13.6)(62.4)1(4) + (62.4)(7 -x)=p B 

p A —p B — 2708lb/ft 2 or 18.8lb/in 2 
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&62 Vessels A and B in Fig. 2-45 contain water under pressures of 40.0 psi and 20.0 psi, respectively. What is the 
deflection of the mercury in the differential gage? 

I (40.0)(144) + (62.4)(x + h) - [(13.6)(62.4)]/i + 62.4y = (20.0)(144). Since x + y = 16.00 - 10.00, or 6.00 ft, 
h =4.14 ft. 



I tJ& For a gage pressure at A in Fig. 2-46 of -1.58 psi, find the specific gravity of gage liquid B. 

[ - I (-1.58)(144) + [(1.60)(62.4)](10.50 - 9.00) - (0.0750)(11.25 - 9.00) + [(s.g. liq B )(62.4)](11.25 -10.00) = 0 

S-g-liq. B = 1-00 
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2.64 In Fig. 2-47, liquid A weighs 53.5 lb/ft 3 and liquid B weighs 78.8 lb/ft 3 . Manometer liquid A# is mercury. If the 
pressure at B is 30 psi, find the pressure at A. 

I p A - (53.5)(6.5 + 1.3) + [(13.6)(62.4)](1.3) + (78.8)(6.5 + 10.0) = (30)(144) 

p A = 2334 lb/ft 2 or 16.2 lb/in 2 



Fig. 2-47 


2.65 What would be the manometer reading in Fig. 2-47 if p B — p A is 165 kPa? 

f Converting to lb/ft 2 , p B -p A = 3446 lb/ft 2 . The mercury level will rise some amount, x, on the left side of the 
manometer and will fall by that amount on the right side of the manometer (see Fig. 2.48). Hence, taking 
weight densities from Prob. 2.64, p A - (53.5)(6.5 + 1.3 +x) + [(13.6)(62.4)](1.3 + 2*) + (78.8)(6.5 + 10.0 — x) = 
p B , 1644x + 1986 = p B - Pa- 3446, x = 0.89 ft; manometer reading = 1.3 + (2)(0.89) = 3.08 ft. 



Fig. 2-48 


2.66 In Fig. 2-49, water is contained in A and rises in the tube to a level 85 in above A; glycerin is contained in B. 
The inverted U-tube is filled with air at 23 psi and 70 °F. Atmospheric pressure is 14.6 psia. Determine the 
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difference in pressure (psi) between A and B if y is 16 in. What is the absolute pressure in B in inches of 
mercury and in feet of glycerin? 

I p A — (62.4)(ff) = (23)(144) p A = 3754.0 lb/ft 2 

p B - [(1.26)(62.4)][(85-16)/12] = (23)(144) p B = 3764.1 lb/ft 2 
p A ~p B = 3754.0 - 3764.1= -10.1 lb/ft 2 or -0.0701b/in 2 
(p,b»)« = (3764.1/144 + 14.6)/[(13.6)(62.4)/(12) 3 ] = 83.0 inHg 
(Pah*)/) = (3764.1/144 + 14.6)/[(1.26)(62.4)/(12) 3 ] = 895.4 in or 74.6 ft of glycerin 



2.67 Gas confined in a rigid container exerts a gage pressure of 150 kPa when its temperature is 7 °C. What pressure 
would the gas exert at 67 °C? Barometric pressure remains constant at 719 mmHg. 

I = [(13.6)(9.79)](0.719) = 95.7 kPa p abs = 95.7 + 150 = 245.7 kPa 

PiVi/Ti = P 2 V 2 /T 2 (245.7)(V)/(273 + 7) = (p 2 )(V)/(273 + 67) [V (volume) is constant] 

p 2 = 298.4 kPa (absolute) = 298.4 - 95.7 = 202.7 kPa (gage) 

2.68 In Fig. 2-50, atmospheric pressure is 14.6 psia, the gage reading at A is 6.1 psi, and the vapor pressure of the 
alcohol is 1.7 psia. Compute x and y. 

I Working in terms of absolute pressure heads, [(6.1 -I-14.6)(144)]/[(0.90)(62.4)] - x = 
(1.7)(144)/[(0.90)(62.4)], x = 48.72 ft; [(6.1 + 14.6)(144)]/[(0.90)(62.4)] + (y + 4.2) - (4.2)(13.6/0.90) = 0, y = 
6.19 ft. 


2.69 



In Fig. 2-50, assume the following: atmospheric pressure = 858 mbar abs, vapor pressure of the 

alcohol = 160 mbar abs, x = 2.90 m, y = 2.10 m. Compute the reading on the pressure gage (p A ) and on the 

manometer (z). 
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/ Working in terms of absolute pressure heads, [(/^W + 858](0.100)/[(0.90)(9.79)] - 2.90 = 
(160)(0.100)/[(0.90)(9.79)], (p A ) gagc = -442 mbar; [(-442 + 858)(0.100)]/[(0.90)(9.79)] + (2.10 + z)- 
(2)(13.6/0.90) = 0, 2 = 0.483 m. 

2.70 A pipeline contains an incompressible gas (y = 0.05 lb/ft 3 ) at rest; at point A the pressure is 4.69 in of water. 
What is the pressure, in inches of water, at point B, 492 ft higher than A? 

I The change in pressure in the atmosphere must be considered; assume, however, that y air = 0.076 lb/ft 3 is 
constant. 

(PaIy )abs = (PaIY )atm + 4.69/12 ft of water 
(Pb/yX^ = (Pb/yX tm + x/\2 ft of water 

Subtracting Eq. (2) from Eq. (1), 

(Pa/y) abs - (Pb/yX bs = (Pa/yX™ - (Pb/yX™ + 4.69/12-x/12 
(Pa/y )- (Pb/yX ,m = 492 ft of air = (492)(0.076/62.4) = 0.599 ft of water 
(Pa/yU* - (p B l y)at* = 492 ft of gas = (492)(0.05/62.4) = 0.394 ft of water 
Substituting these relationships into Eq. (3), 0.394 = 0.599 + 4.69/12 - x/12, .r = 7.15 in of water. 

2.71 Determine the pressure difference between points A and B in Fig. 2-51. 

I Pa + [(0.88)(9.79)](0.21) - [(13.6)(9.79)](0.09) - [(0.82)(9.79)](0.41 - 0.09) 

+ (9.79)(0.41 - 0.15) - (0.0118)(0.10) = p 

Pa ~ Pn = 10.2 kPa 



Fig. 2-51 


2.72 In Fig. 2-52, if p B —p A = 97.4 kPa, calculate H. 

I p A - (9.79)(H/100) - [(0.827)(9.79)](^) + [(13.6)(9.79)][(34 + H+ 17)/100] = p B 

1.234/f + 66.53 =p B — p A = 97 A H = 25.0 cm 



Fig. 2-52 
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2.73 


2.75 


For Fig. 2-53, if fluid 1 is water and fluid 2 is mercury, and z A = 0 and z, = —11 cm, what is level z 2 at which 
P A P atm*? 

I 0 + (9.79)[0 - (-11)1/100 - [(13.6)(9.79)][z 2 - (—11)]/100 = 0 z 2 = -10.19 cm 


°P en . Patm 



2 Fig. 2-53 

The inclined manometer in Fig. 2-54a contains Meriam red manometer oil (s.g. = 0.827). Assume the reservoir 
is very large. What should the angle 6 be if each inch along the scale is to represent a change of 0.8 lb/ft 2 in 
gage pressure p A ? 

f From Fig. 2-54 b, A p = yAz, or 

0.8 lb/ft 2 = [(0.827)(62.4 lb/ft 3 )]^ ft)(sin 0) 

from which 6 = 10.72°. 



The system in Fig. 2-55 is at 20 °C. Compute the absolute pressure at point A. 

I p A + [(0.85)(62.4)](£) - [(13.6)(62.4)](£) + (62.4)(&) = (14.7)(144) p A = 2691 lb/ft 2 abs 


Water 



Mercury Fig. 2-55 


Very small pressure differences p A —p B can be measured accurately by the two-fluid differential manometer 
shown in Fig. 2-56. Density p 2 is only slightly larger than the upper fluid p,. Derive an expression for the 
proportionality between h and p A — p B if the reservoirs are very large. 

I Pa + Ptghi - p 2 gh - Pigiht - h) = p B , p A -p B = (p 2 - pOgh. If (p 2 - Pi) is small, h will be large (sensitive). 
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2.77 Water flows downward in a pipe at 35°, as shown in Fig. 2-57. The pressure drop p, —p 2 is partly due to gravity 
and partly due to friction. The mercury manometer reads a 5-in height difference. What is the total pressure 
drop p, — p-P- What is the pressure drop due to friction only between 1 and 2? Does the manometer reading 
correspond only to friction drop? 

I p t + (62.4)(6 sin 35° + x/12 + £)- [(13.6)(62.4)](£) - (62.4)(x/12) = p 2 

Pi~p 2 = 112.9 lb/ft 2 (total pressure drop) 

Pressure drop due to friction only = [(13.6)(62.4) — 62.4](^) = 327.6 lb/ft 2 
Manometer reads only the friction loss. 



Fig. 2-57 

2.78 Determine the gage pressure at point A in Fig. 2-58. 

I Pa- (9.79)(0.50) + (0.0118X0.33) + [(13.6)(9.79)](0.17) -[(0.83)(9.79)](0.44) = 0 p A = -14.17kPa 


Air 


/*atin 




50 cm 


33cm 


Mb 


Oil, 

S.g.=0.83 


T 

17cm 

— PI 

'W////////SZ0 


44 cm 


2.79 


Water Mercury Fig. 2-58 

In Fig. 2-59, calculate level h of the oil in the right-hand tube. Both tubes are open to the atmosphere. 
I 0 + (9.79)(0.110 + 0.240) - [(0.83)(9.79)](0.240 + h) = 0 h = 0.1817 m = 181.7 mm 



240 mm 


280mm 


Fig. 2-59 
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In Fig. 2-60 a the inclined manometer measures the excess pressure at A over that at B. The reservoir diameter 
is 2.5 in and that of the inclined tube is * in. For 0 = 32° and gage fluid with s.g. = 0.832, calibrate the scale in 
psi per ft. “ 

^ Pa = y(A/i + Ay) +p B (see Fig. 2-606) p A -p B = y(Ah + Ay) 

F ™ m F ‘ g 2 ' 60 f’ = or = a bRIA a , A h=R sin 0, p A -p B = y(R sin 0 + A b R/A a ) = 

X^ b Aa) ' AbIAa = / 4 l/[^( 2 -5) 2 /4] = i k;p A -p B = [(0.832)(62.4)](/?)(sin 32° + Tfe)/144 = 

0.1947/?. The scale factor is thus 0.1947 psi/ft. 


A 



2.81 


Determine the weight W that can be equilibrated by the force acting on the piston of Fig. 2-61. 
I Pi =p 2 = F,M, = F 2 /A 2 1.25/[^(35) 2 /4] = W/[nr(250) 2 /4] W = 63.8kN 

250 mm diam 


1.25 kN 


35mm diam 

Oil 


W 




T 


VZ7X 




Fig. 2-61 


2.82 Neglecting the container’s weight in Fig. 2-62, find the force tending to lift the circular top CD. 

! Pcd [(0.8)(62.4)](4) — 0 p CD = 199.7 lb/ft 2 F = pA = (199.7)[w(2.5) 2 /4] = 980 lb 


4ft 



3 in. diam 
-A 

r Oil 

s.g, =0.8 


2.0 in. 
diam 


5ft 


A — 


Fig. 2-62 
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2.83 Find the force of oil on the top surface CD of Fig. 2-62 if the liquid level in the open pipe is reduced by 1.3 m. 
f p CD - [(0.8)(62.4)][4 - (1.3)(3.281)] = 0 p CD =-13.24 lb/ft 2 (i.e., a downward pressure by CD) 

F = pA = (—13.24)[jr(2.5) 2 / 4] = -65.0 lb 

2.84 A drum 2.25 ft in diameter filled with water has a vertical pipe of 0.70-in diameter attached to the top. How 
many pounds of water must be poured into the pipe to exert a force of 1500 lb on the top of the drum? 

I p = F/A — 1500/[jt( 2. 25) 2 /4] = 377.3 lb/ft 2 A = p/y = 377.3/62.4 = 6.05 ft 

W H20 = (6.05)[jt( 0. 70/12) 2 /4] (62.4) = 1.01 lb 

2.85 In Fig. 2-63, the liquid at A and B is water and the manometer liquid is oil with s.g. = 0.80, A, = 300 mm, 
h 2 = 200 mm, and A 3 = 600 mm. (a) Determine p A — p B . ( b ) If p B = 50 kPa and the barometer reading is 
730 mmHg, find the absolute pressure at A in meters of water. 

f («) p A - (9.79)® -[(0.80)(9.79)]® + (9.79)®) =p B p A -p B = -1.37 kPa 

( b) p A -( 9.79)(^)-[(0.80)(9.79)]®) + (9.79)®) = 50 

p A = 48.63 kPa (gage) = 48.63/9.79 + 1355 ( 13 . 6 ) = 14.90 m water (absolute) 



2.86 In Fig. 2-63, s.g., = 1.0, s.g . 2 = 0.96, s.g . 3 = 1.0, A, = h 2 = 269 mm, and A 3 = 1.2 m. Compute p A — p B in 
millimeters of water. 

f p A — (1.0)(269) — (0.96)(269) + (1.0)(1200) =p B p A —p B = —673 mm of water 

2.87 In Fig. 2-63, s.g., = 1.0, s.g . 2 = 0.94, s.g . 3 = 1.0, A, = 300 mm, A 3 = 1.1 m, and p A —p B = —360 mm of water. 
Find the gage difference (A 2 ). 

f p A — (1.0)(300) — (0.94)(A 2 ) + (1.0)(1100) = p B p A ~p B = -360 = -800 + (0.94)(A 2 ) h 2 = 468 mm 

2.88 What is the pressure difference, in pounds per square inch, of a 1000-ft water column? 

f p = yh = (62.4)(1000)/144 = 433 psi 

2.89 Find the pressure at a point 9.5 m below the free surface in a fluid whose density varies with depth h (in m) 
according to 

p = (450 kg/m 3 ) + (11 kg/m 4 )A 

I dp — ydh = pgdh = (g)(450 + 11A) dh. Integrating both sides: p = (g)(450A + llA 2 /2). For A = 9.5 m: 
p = (9.81)[(450)(9.5) + (U)(9.5) 2 /2] = 46.807 kPa. 

2.90 If atmospheric pressure is 29.72 inHg, what will be the height of water in a water barometer if the temperature 
of the water is (a) 50 °F, ( b ) 100 °F, and (c) 150 °F? 

I p = yh = [(13.6)(62.4)](29.72/12) = 2102 lb/ft 2 or 14.60 lb/in 2 

(a) At 50 °F, y = 62.4 lb/ft 3 and p vapor = 25.7/144, or 0.178 lb/in 2 , A„ 2 o = (14.60 - 0.178)(144)/62.4 = 33.28 ft. 
(A) At 100 °F, y = 62.0 lb/ft 3 and p vapor = {i, or 0.938 lb/in 2 , A H2 o = (14.60 - 0.938)(144)/62.0 = 31.73 ft. 

(c) At 150 °F, y = 61.2 lb/ft 3 and p vapor = f£, or 3.78 lb/in 2 , A H ,o = (14.60 - 3.78)(144)/61.2 = 25.46 ft. 
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2.91 A bicycle tire is inflated at sea level (where atmospheric pressure is 14.6 psia and the temperature is 69 °F) to 
65.0 psi. Assuming the tire does not expand, what is the gage pressure within the tire on the top of Everest 
(altitude 30 000 ft), where atmospheric pressure is 4.3 psia and the temperature is -38 °F? 

f Let subscript 1 indicate sea level and subscript 2 indicate altitude 30 000 ft. 

(Pi)abs = 14.6 + 65.0 = 79.6 psia pMT x = p 2 V 2 IT 2 
(79.6)(V)/(460 + 69) = (p 2 )(F)/[460 + (-38)] (V is constant) 

(p 2 ).i* = 63.5 psia (p->) t . r = 63.5 - 4.3 = 59.2 psi 

2.92 Find the difference in pressure between tanks A and B in Fig. 2-64 if d l = 330 mm, d 2 = 160 mm, d 3 = 480 mm, 
and d 4 = 230 mm. 

I p A + (9.79)(0.330) - [(13.6)(9.79)](0.480 + 0.230 sin 45°) = p B p A -p B = 82.33 kPa 



2.93 A cylindrical tank contains water at a height of 55 mm, as shown in Fig. 2-65. Inside is a smaller open cylindrical 
tank containing cleaning fluid (s.g. = 0.8) at height h. If p B = 13.40 kPa gage and p c = 13.42 kPa gage, what are 
gage pressure p A and height h of cleaning fluid? Assume that the cleaning fluid is prevented from moving to the 
top of the tank. 

I p A + (9.79)(0.055) = 13.42 p A = 12.88 kPa 

12.88 + (9.79)(0.055 - h) + [(0.8)(9.79)]fc = 13.40 h = 0.00942 m = 9.42 mm 



Kerosene p B p c Fig. 2-65 

2.94 An open tube is attached to a tank, as shown in Fig. 2-66. If the water rises to a height of 800 mm in the tube, 
what are the pressures p A and p B of the air above the water? Neglect capillary effects in the tube. 

I p A - (9.79)[(800 - 300 - 100)/1000] = 0 p A = 3.92 kPa 

p B — (9.79)[(800 — 300)/1000] = 0 p s =4.90kPa 
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Fig. 2-66 
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For the setup shown in Fig. 2-67, what is the pressure p A if the specific gravity of the oil is 0.82? 

I p A + [(0.82)(9.79)](3) + (9.79)(4 - 3) - [(13.6)(9.79)](0.320) = 0 p A = 8.73 kPa 



Fig. 2-67 


.96 


For the setup shown in Fig. 2-68, calculate the absolute pressure at a. Assume standard atmospheric pressure, 
101.3 kPa. 


I 


101.3 + (9.79)(0.600 - 0.200) - [(13.6)(9.79)](0.140) + [(0.83)(9.79)](0.140 + 0.090) =p A 

p A = 88.44 kPa 



97 A force of 460 N is exerted on lever AB, as shown in Fig. 2-69. End B is connected to a piston which fits into a 
cylinder having a diameter of 60 mm. What force F D acts on the larger piston, if the volume between C and D i 
filled with water? 

i = , f ° rce exerted on smaller P iston at C: F c = (460)(fl) = 843 N. F c /A c = F D /A D , (843)/[^( 1 i 5 ) 2 /4] = 

Fo/ln^) 2 / 4], F d = 15 830 N, or 15.83 kN. ' J 
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Forces on Submerged 


CHAPTER 3 

Plane Areas 


3.1 If a triangle of height d and base b is vertical and submerged in liquid with its vertex at the liquid surface (see 
Fig. 3-1), derive an expression for the depth to its center of pressure. 


f 


4 Id bd 3 /36 3d 
cp ~ cg + h cg A ~ 3 + (2d/3)(bd/2) ~ 4 



e- b 


Fig. 3-1 


3.2 If a triangle of height d and base b is vertical and submerged in liquid with its vertex a distance a below the 
liquid surface (see Fig. 3-2), derive an expression for the depth to its center of pressure. 


I 


4 / 2 d\ bd 3 / 36 / 2 d\ d 2 

kcp ~ cg + h cg A ~ \ a + 3 / + (a + 2d/3)(bd/2) _ \ + 3 / + 18(a + 2d 13} 
_ 18(a 2 -I- Aad/3 + 4d 2 /9) + d 2 _ 6 a 2 + 8 ad + 3d 2 
~ l8(a+2d/3) 6(a + 2d/3) 



b “H Fig. 3-2 


3.3 If a triangle of height d and base b is vertical and submerged in liquid with its base at the liquid surface 
(see Fig. 3-3), derive an expression for the depth to its center of pressure. 

f , *><*736 d d_d 

cp_ cg + h ct A~3 + (d/3)(bd/2)~3 + 6~2 
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3.4 A circular area of diameter d is vertical and submerged in a liquid. Its upper edge is coincident with the liquid 
surface (see Fig. 3-4). Derive an expression for the depth to its center of pressure. 

f u =h , 4, J xdVM d d 5d 

cp “ h cg A 2 (d/2)(nd 2 /4) 2 8 8 



A vertical semicircular area of diameter d and radius r is submerged and has its diameter in a liquid surface (see 
Fig. 3-5). Derive an expression for the depth to its center of pressure. 


h =h + _k_ u _i: T 1 (* d4 \ 1 r*( 2 ') 4 l 

hcp hct h cg A hct 3n Ix 2\64/ 2L 64 J 8 

= £r L 4 _/ f nf\/4r\ 2 = / f r__8^\ = 4r [jt/8 - 8/(9*r)](r 4 ) 

s 8 V 2 )\3]t) \8 9 Jt) ( ) ^ 3k [4r/(3^)][(^r 2 /2)] 


X 


Fig. 3-5 

3.6 A dam 20 m long retains 7 m of water, as shown in Fig. 3-6. Find the total resultant force acting on the dam and 
the location of the center of pressure. 

f F — yhA = (9.79)[(0 + 7)/2][(20)(7/sin 60°)] = 5339 kN. The center of pressure is located at two-thirds the 
total water depth of 7 m, or 4.667 m below the water surface (i.e., = 4.667 m in Fig. 3-6). 
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3.7 


A vertical, rectangular gate with water on one side is shown in Fig. 3-7. Determine the total resultant force 
acting on the gate and the location of the center of pressure. 


F = yh^A = (9.79)(3 + 1.2/2)[(2)(1.2)] = 84.59 kN 


/,cp = /, - + ^4 = ( 3 + ¥) 


(2)(1.2) 3 /12 

(3 +1.2/2)[(2)(1.2)] 


= 3.633 m 



Hg. 3-7 


3.8 


Solve Prob. 3.7 by the integration method. 

I F = JyhdA = (9.79)(3 + y)(2 dy) = (19.58)[3y + = 84.59 kN 

j yh 2 dA £ 2 (9.79)(3 +y) 2 (2 dy) 


■ 


84.59 


(19.58)[9y + 3y 2 + y 3 /3]p' 
84.59 


= 3.633 m 


3.9 


A vertical, triangular gate with water on one side is shown in Fig. 3-8. Determine the total resultant force acting 
on the gate and the location of the center of pressure. 


F = yh cg A = (62.4)(6 + 3/3)[(2)(3)/2J = 1310 lb 

(2)(3) 3 /36 

*cg. 


ftcp = /l - + ftZ4 = ( 6 + l) + (6T 


(6 + 3/3)[(2)(3)/2] 


= 7.07 ft 



Fig. 3-8 
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3.10 


Solve Prob. 3.9 by the integration method. 

I F = yh cg A = [(0.82)(9.79)][4 + (1 + 1.2/2)(sin 40°)][(0.8)(1.2)] = 38.75 kN 

F = f(62.4)(6 + y)[(2 - 2y/3) dy] = f(62.4)(12 -2 y- 2y 2 /3) dy = (62.4)[12y - y 2 - 2y 3 /9] 3 = 1310 lb 


K p = 


fyh 2 dA J*(62.4)(6 + y ) 2 (2 - 2y/3) dy £(62.4)(72 - 6 y 2 - 2y 3 /3) dy 


F 1310 

(62A)[72y-2y 3 -y*/6]l 


1310 


1310 


= 7.07 ft 


3.11 


An inclined, rectangular gate with water on one side is shown in Fig. 3-9. Determine the total resultant force 
acting on the gate and the location of the center of pressure. 

I F = yh cg A = (62.4)[8 +1(4 cos 60°)][(4)(5)] = 11230 lb 


z =z + j*_ = /_j_ + iu_ mm _ 

cp C8 z cg A \cos60° 2/ ( 8 /cos 60° +1)[(4)(5)] 


18.07 ft 



3.12 


Solve Prob. 3.11 by the integration method. 

f F = JyhdA = £ (62.4)(8 + y cos 60°)(5 dy) = (312) [V +^-J =11230 lb 


^cp 


I yhi 2 dA | (62.4)(8 + y cos 60°) 2 (5 dy) J‘ (312)(64 + 8 y+ y 2 / 4) dy 


11230 


11230 


(312)[64y+4y 2 +y 3 /12] 4 0 
11230 


= 9.04 ft 


Note: hep is the vertical distance from the water surface to the center of pressure. The distance from the water 
surface to the center of pressure as measured along the inclination of the gate (z cp ) would be 9.04/cos 60°, or 
18.08 ft. 


3.13 


An inclined, circular gate with water on one side is shown in Fig. 3-10. Determine the total resultant force 
acting on the gate and the location of the center of pressure. 


I 


F = yh ct A = (9.79)[1.5 + £(1.0 sin 60°)][nr(1.0)74] = 14.86 kN 

4 r 1-5 1 „ jr(1.0) 4 /64 

Zcp Zct + z ct A Lsin60 o + 2 (i ‘ 0) J + ri.5/sin60 o + £(1.0)][^(1.0)74] -2 ' m 
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60 ° 



A vertical, triangular gate with water on one side is shown in Fig. 3-11. Determine the total resultant force 
acting on the gate and the location of the center of pressure. 


h, 


F = yh ct A = (9.79)[3 + |(l)][(1.2)(l)/2] = 21.54 kN 
4. „. (1.2)(1) 3 /36 


_ 


hegA. 


= [3 + (§)(!)] + 


[3 + l(l)][(1.2)(l)/2] 


= 3.68 m 



Solve Prob. 3.14 by the integration method, 
f F = f yh dA. From Fig. 3-11, y/x = 1/1.2. Therefore, x = 1.2 y. 

F = jf (9.79)(3 +y){l.2y dy) = £(11.75)(3y +y 2 ) dy = (11.75)[^ + ^]‘ - 21.54kN 

Jyh 2 dA J*(9.79)(3 +y) 2 (1.2y dy) J (11.75)(9y + 6y 2 + y 3 ) dy 

/ ' cp= F = 21.54 = 21.54 

(11.75)[9y 2 /2 + 2y 3 +//4] 3 
21.54 


3.68 m 
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3.16 A tank containing water is shown in Fig. 3-12. Calculate the total resultant force acting on side ABCD of the 
container and the location of the center of pressure. 

f F = yhA = (62.4)[(0 + 6)/2][(20)(6)] = 22 500 lb 

hep = (f)( 6 ) = 4.00 ft (vertically below the water surface) 



The gate in Fig. 3-13 is 4 ft wide, is hinged at point B, and rests against a smooth wall at A. Compute (a) the 
force on the gate due to seawater pressure, ( 6 ) the (horizontal) force P exerted by the wall at point A, and 
(c) the reaction at hinge B. 

I (a) F = yh cg A = (64)(17 - ^)[(4)(12)] = 30106 lb 

v _ -4, sin 0 —[(4)(12) 3 /12](if) 

(b) U h cg A (17 - z #)[(4)(12)] 

£Af B = o (P)(7.2) — (30106)(12 — 6 — 0.537) = 0 F = 22 843 lb 

(c) £f x =0 B x + (30 106)(t|) -22843 = 0 5,= 4779lb 

'£ l F y = 0 By — (30 106)(tj) = 0 B y = 24 085 lb 


-=-0.537 ft 



Fig. 3-13(a) Fig. 3-13(6) 

3.18 Repeat Prob. 3.17, but instead let the hinge be at point A and let point B rest against a smooth bottom. 

f (a) From Prob. 3.17, F — 30106 lb. (6) From Prob. 3.17, = —0.537 ft; E = 0; 

(B y )(9.6) - (30 106)(6 + 0.537) = 0, B y = 20 500 lb. 

(c) '2F x = 0 (SOlOeX^D-A^O = 18 064 lb 

X^=0 A y - (30 106)(tj) + 20500 = 0 A y = 35851b 
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3.19 A tank of dye has a right-triangular panel near the bottom as shown in Fig. 3-14a. Calculate the resultant force 
on the panel and locate its center of pressure. 


I 


bh 3 

36 


F = yh cg A = pgh cg A = (820)(9.81)(6 + 8)[|(8 + 16)(8 + 4)] = 16.22 MN 

(4 + 8)(8 + 16) 3 —4» sin 8 -(4608)(sin30°) 

36 ycp h cg A (6 + 8)[i(8 +16)(8 + 4)] 

I xy = b(b - 2s){hfm = (4 + 8)[(4 + 8) - (2)(4 + 8)](8 + 16) 2 /72 = -1152 m 4 

-4, sin 0 ~(~H52)(sin 30°) 

* hcgA (6 + 8)[|(8 + 16)(8 + 4 )] 


-1.143 m 


(The resultant force acts at 1.143 m down and 0.286 m to the right of the centroid.) 



3.20 Gate AB in Fig. 3-15 is 1.0 m long and 0.9 m wide. Calculate force F on the gate and the position X of its center 
of pressure. 


F = yh Qg A = [(0.81)(9.79) J[3 + (1 + 1.0/2)(sin 50°)][(0.9)(1.0)] = 29.61 kN 
-l xx sin 6 _ ~[(0-9)(1.0) 3 /12](sin 50°) 


y^p 


hcgA 


[3 + (1 + 1.0/2)(sin 50°)][(0.9)(1.0)] 
= —0.015 m from the centroid 
X = 1.0/2 + 0.015 = 0.515 m from point A 
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3.21 


A fishpond gate 6 ft wide and 9 ft high is hinged at the top and held closed by water pressure as shown in Fig. 
3-16. What horizontal force applied at the bottom of the gate is required to open it? 

# F = yh Qg A = (62.4)(8 + 4.5)[(6)(9)] = 42 120 lb 


hcn = h c 


= (8+4.5) + 


(6)(9) 3 /12 
(8 + 4.5)[(6)(9)] 


= 13.04 ft 


XAf„ = 0 (F)(9) - (42 120)(13.04 - 8 ) = 0 P = 23 587 lb 



3.22 A vat holding paint (s.g. = 0.80) is 8 m long and 4 m deep and has a trapezoidal cross section 3 m wide at the 
bottom and 5 m wide at the top (see Fig. 3-17). Compute (a) the weight of the paint, (6) the force on the 
bottom of the vat, and ( c ) the force on the trapezoidal end panel. 

f (a) W = yV = [(0.80)(9.79)][(8)(4)(5 + 3)/2] = 1002 kN 

(b) F = yh cg A /w, = [(0.80)(9.79)](4)[(3)(8)] = 752 kN 

(c) F cod = ^ uare + 2F triangIe = [(0.80)(9.79)][(0 + 4)/2][(4)(3)] + (2)[(0.80)(9.79)](|)[(4)(l)/2] = 230 kN 



Fig. 3-17 


Gate AB in Fig. 3-18 is 5 ft wide, hinged at point A, and restrained by a stop at point B. Compute the force on 
the stop and the components of the reaction at A if water depth A is 9 ft. 

I F = yh cg A = (62.4)(9 - §)[(3)(5)] = 7020 lb 

—I xx sin 6 [(5)(3) 3 /12](sin 90°) _ 

(9 - 3/2)((3)(5)] -- 0 ' 100ft 

lM, = 0 (B x )(3) - (7020)(1.5 + 0.100) = 0 B x = 3744 lb 

2^=0 7020 — 3744 — A x =0 A x = 3276 lb 

If gate weight is neglected, A y = 0. 


7020 — 3744 — A. = 0 A =3276 lb 
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3.24 In Fig. 3-18, stop B will break if the force on it reaches 9000 lb. Find the critical water depth. 


F = yh cg A = (62.4)(A cg )[(3)(5)] = 936A 


-I xx sin 0 -[(5)(3)7l2](sin 90°) 


,V " /J g •' CP K g A (A cg )[(3)(5)] 

X Ma = 0 (9000)(3) - (936A cg )(l .5 + 0.750/A cg ) = 0 


A cg = 18.73 ft 


A™, = 18.73+ 1.5 = 20.23 ft 


3J25 In Fig. 3-18, hinge A will break if its horizontal reaction becomes equal to 8000 lb. Find the critical water depth. 

f From Prob. 3.24, F = 936A cg and y v = -0.750/A cg ; E Mb = 0; (936A cg )(1.5 - 0.750/A cg ) - (8000)(3) = 0, 

A„ = 17.59 ft; A,*, = 17.59 + 1.5 = 19.09 ft. 


Calculate the resultant force on triangular window ABC in Fig. 3-19 and locate its center of pressure. 
I F = yh cg A = (10.08)[0.25 + (|)(0.60)][(0.40)(0.60)/2] = 0.786 kN 


/„ = AA 3 /36 = (0.40)(0.60) 3 /36 = 0.00240 m 4 


—/„ sin 0 


—(0.00240)(sin 90°) 


h cg A [0.25 + (f)(0.60)][(0.40)(0.60)/2] 


= -31 mm (i.e., below the centroid) 


I xf = b(b - 2s)(A) 2 /72 = 0.40[0.40 - (2)(0.40)](0.60) 2 /72 = -0.000800 m 4 


—I xy sin 0 


—(—0.000800)(sin 90°) 


h cg A [0.25 + (f)(0.60)][(0.40)(0.60)/2] 


= +10 mm (i.e., right of the centroid) 
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3.27 


Freshly poured concrete approximates a fluid with s.g. = 2.40. Figure 3-20 shows a slab poured between wooden 
forms which are connected by four comer bolts A, B, C, and D. Neglecting end effects, compute the forces in 
the four bolts. 


F = yh^A = [(2.40)(62.4)](f )[(9)(12)] = 97 044 lb 
3'c P = 


_ -/„ sin 6 —[(9)(12) 3 /12](sin 90°) _ 

— — —-=— Z.UUft 


2^4=0 

'Zm c = 0 


KA [(t)][(9)(12)] 

(2)(F C )(12) - (97 044)(6 + 2.00) = 0 
(97 044)(6 - 2.00) - (2)(F„)(12) = 0 


F c = F D = 323481b 
F„ = F« = 161741b 



3.28 


Fig. 3-20 

Fmd the net hydrostatic force per unit width on rectangular panel AB in Fig. 3-21 and determine its line of 
action. 

I Fh 2 o = (9.79)(2 +1 +1)[(2)(1)] = 78.32 kN F^ = (12.36)(1 + |)[(2)(1)] = 49.44 kN 

F„e. = F Hj o ~ Fg, yc = 78.32 - 49.44 = 28.88 kN 
—L t sin 6 


yep 


h c ^A 


, V _-[(l)(2) 3 /12](sin90°) 

^ Hl ° (2 + 1 + |)[( 2 )( 1 )] ~ ~ 0 0833 m 

, , _ ~[(l)(2) 3 /12)( S in 90 °) 

V y cp/glye 


[(1 + i)][(2)(l)] 


=-0.1667 m 



2 Af fl = 0 (78.32)(1 - 0.0833) - (49.44)(1 - 0.1667) = 28.88D 

D = 1.059 m (above point B, as shown in Fig. 3-21c) 


A 


Ar 


/") 


“fa 




L i».U kl4 

I m i 

1 0.13} m 


o. /667 m 


f j 4S.44 kfJ 


28.88 k )l 


S 


S 


Fig. 3-21(«) 


Fig. 3-21(0) 


Fig. 3-21(c) 
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3.29 A cylindrical, wooden-stave barrel is 3.5 ft in diameter and 5 ft high, as shown in Fig. 3-22. It is held together by 
steel hoops at the top and bottom, each with a cross section of 0.40 in 2 . If the barrel is filled with orange juice 
(s.g. = 1.04), compute the tension stress in each hoop. 

f F = yhcgA = t(1.04)(62.4)](f)[(3.5)(5)] = 2839 lb 

^cp 

Im 8 =o 
2m„=o 

<7»pper = 473/0.40 = 1182 psi cr lower = 946/0.40 = 2365 psi 


-I xx sin 0 -[(3.5)(5) /12](sin 90°) „ „„„ 

= —;—:— =--= — U.833 ft 

h ct A l[(3.5)(5)] 

2839(| - 0.833) - 2(F upper )(5) = 0 F upper = 473 lb 

2(F lower )(5) - 2839(1 + 0.833) = 0 F Iower = 946 lb 


3.30 



r 

leuJ*r 


fig. 3-22(fl) 



Fig. 3-22(6) 


Gate AB in Fig. 3-23a is 16 ft long and 8 ft wide. Neglecting the weight of the gate, compute the water level h 
for which the gate will start to fall. 

I F = yh ct A = (62.4)(ft /2)[(8)(/t /sin 60°)] = 288.2/i 2 

= -I xx sin 0 —[8(ft/sin 60°) 3 /12](sin 60°) = _ 
ycp K t A (A /2)[8(/» / sin 60°)] 

Xm s = 0 (11000)(16)-(288.26 2 )[(/i/sin60°)/2 - 0.19256] = 0 h = 11.7 ft 



Fig. 3-23(0) 


Fig. 3-23(6) 
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3.31 Repeat Prob. 3.30, including the weight of the 2-in-thick steel (s.g. = 7.85) gate. (See Fig. 3-24.) 

# Wg«c = [(7.85)(62.4)][(16)(8)(£)] = 10 450 lb. From Prob. 3.30, F = 288. 2h 2 \ E M„ = 0, (11000)(16) - 
(288.2/» 2 )[(A/sin 60°)/2 - 0.1925A] - 10450(f cos 60°) = 0 ,h = 10.7 ft. 



Fig. 3-24 


3.32 A horizontal duct coming from a large dam is 2.5 m in diameter; it is closed by a circular door whose center or 
centroid is 45 m below the dam’s water level. Compute the force on the door and locate its center of pressure. 

f F= Y h cg A = (9.79)(45)[jt(2.5) 2 /4)] = 2163 kN /« = Jir*/4 = jr(% 5 ) 4 /4 = 1.917 m 4 


yep 


sin 0 —(1.917)(sin 90°) 


M 


(45)[*(2.5) 2 /4)] 

Line of action of Fis 8.7 mm below the centroid of the door. 


0.0087 m 


3.33 Gate AB in Fig. 3-25 is semicircular, hinged at B. What horizontal force P is required at A for equilibrium? 


4r/(3*) = (4)(4)/(3 jt) = 1.698 m 
—/„ sin 0 


y<*> 


F = yh cg A = (9.79)(6 + 4 - 1.698)[nr(4) 2 /2)] = 2043 kN 
-[(0.10976)(4) 4 ](sin 90°) 


hcgA 


Hm»=o 


(6 + 4 — 1.698)[jt(4) 2 /2)] 
(2043)(1.698 - 0.1347) -4P = 0 


=-0.1347 m 

P = 798 kN 



/„ = 0.10976r 4 
4v = 0 



k- r -4- r -4 ~T 

Fig. 3-25(6) 


A, 

Jcf)* 0.1347 g— 


« ?• 

F 


5 

Fig. 3-25(c) 


3.34 Dam ABC in Fig. 3-26 is 38 m wide and made of concrete weighing 22 kN/m 3 . Find the hydrostatic force on 
surface AB and its moment about C. Could this force tip the dam over? 
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f F = yhcgA = (9.79)(t)[( 38)(80)] = 952 371 kN. F acts at (§)(80), or 53.33 m from A along surface AB (see 
Fig. 3-26 b). For the given triangular shape, the altitude from C to AB intersects AB 51.2 m from A 
(see Fig. 3-266). Hence, M c = (952 371)(53.33 — 51.2) = 2 028 550 kN. Since the moment of F about point C is 
counterclockwise, there is no danger of tipping. 



Fig. 3-26(a) 



Fig. 3-26(6) 


3.35 Isosceles triangular gate AB in Fig. 3-27 is hinged at A. Compute the horizontal force P required at point B for 
equilibrium, neglecting the weight of the gate. 

I AB = 3/sin 60° = 3.464 m F = yh cg A = [(0.82)(9.79)](2 + 1.00)[(1.2)(3.464)/2] = 50.05 kN 

~4c sin 6 — [(1.2)(3.464) 3 /36](sin 60°) 
ycp K t A (2+1.00)[(1.2)(3.464)/2] 

2 M* = 0 3P — (50.05)(3.464/3 + 0.1924) = 0 P = 22.47 kN 




Fig. 3-27(«) Fig. 3-27(6) 


3.36 The tank in Fig. 3-28 is 40 cm wide. Compute the hydrostatic forces on horizontal panels BC and AD. Neglect 
atmospheric pressure. 

f p = yh p BC = [(0.84)(9.79)](0.35 + 0.40) + (9.79)(0.25) = 8.615 kPa 

F = pA F bc = (8.615)[(1.20)(0.40)] = 4.135 kN 

Pad = [(0.84)(9.79)](0.40) = 3.289 kPa F AD = (3.289)[(0.55)(0.40)] = 0.724 kN 
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* T 

-55 cm—► 40cm 


-H H~l0cm 


Solvent,sg = 0.84 


Water 


-120cm- 


Fig. 3-28 


3.37 Water in a tank is pressurized to 85 cmHg (Fig. 3-29). Determine the hydrostatic force per meter width on panel 
AB. 

I On panel AB, p cg = [(13.6)(9.79)](0.85) + (9.79)(4 + §) = 167.0 kPa, F AB = (167.0)[(3)(1)] = 501 kN. 



85cm 


Hg. 20 C 


Fig. 3-29 


Calculate the force and center of pressure on one side of the vertical triangular panel ABC in Fig. 3-30. 

I F = yh C gA = (62.4)(1 + 6)[(9)(6)/2] = 11794 lb I xx = (6)(9) 3 /36 = 121.5 ft 4 

_ —l xx sin 6 _ —(121.5)(sin 90°) _ 

^ K t A (l + 6)[(9)(6)/2] 


6[6 — (2)(6)](9) 2 ~4y sin 0 -(-40.5)(sin 90°) 

72 0,5 h ct A (1 + 6)[(9)(6)/2] 

Thus, the center of pressure is 6 + 0.64, or 6.64 ft below point A and 2 + 0.21, or 2.21 ft to the right of point B. 


In Fig. 3-31, gate AB is 4 m wide and is connected by a rod and pulley to a massive sphere (s.g. = 2.40). What is 
the smallest radius that will keep the gate closed? 

f F = Yh ct A = (9.79)(9 + 1)[(4)(3)] = 1234 kN 

-((4)(3)’/12Ksm90-) „ _ 

-(9 + l)K4 X 3)i-°'° 7Im 

2> fl =0 (W, phere )(7 + 9 + 3) -(1234X3- 1.5 - 0.071) = 0 W, phere = 92.8 kN 
W sphere =y(4^ 3 /3) 92.8 = [(2.40)(9.79)](4w 3 /3) r = 0.98 m 
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i 


a 


ift 


A 


Water 



Fig. 3-30(«) 



Spherical 



Fig. 3-31 


3.40 The triangular trough in Fig. 3-32 is hinged at A and held together by cable BC at the top. If cable spacing is 
1 m into the paper, what is the cable tension? 

I F = yh Ci A = (9.79)(|)[(8.717)(1)] = 213.3 kN 

— 4x sin 6 — [(l)(8.717) 3 /12](sin 35°) , _ 

- 11 ( 8 . 717 ) 0 )]- 1453 ” 

^M a = 0 (T)(2 + 5) — (213.3)(4.359 — 1.453) = 0 T = 88.5kN 



Fig. 3-32(a) 


Fig. 3-32(6) 
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3.41 In Fig. 3-33, gate AB is 4 ft wide and opens to let fresh water out when the ocean tide is falling. The hinge at A 
is 3 ft above the fresh-water surface. At what ocean depth h will the gate open? Neglect the gate’s weight. 

I F = yh cg A F, = (62.4)(y)[(12)(4)] = 17 971 lb F 2 = [(1.025)(62.4)](6/2)[(4)(/.)] = 127.96 2 

^M a =0 (127.96 2 )(12 + 3 — 6/3) — (17 971)(3 + 8) = 0 A = 11.8 ft 




3.42 Show that depth 6 in Prob. 3.41 is independent of gate width b (perpendicular to the paper). 

f Areas, and hence pressure forces, are directly proportional to b. Thus b will cancel out of the equation 
E M a — 0 that determines h. 


3.43 Compute the force on one side of parabolic panel ABC in Fig. 3-34 and the vertical distance down to the center 
of pressure. 

f F = yh cg A = (9.79)(1 + 6)[(|)(10)(6)] = 2741 kN 

/- = h - A(A hf = $(bh>) - mh)]imf = (?)(6)(10) 3 - t(l)(6)(10)][(|)(10)] 2 = 274.3 m 4 
-I xx sin d - (274.3)(sin 90°) 


yc ” KA (1 + 6)[(|)(10)(6)] 
Hence, the center of pressure is 6 + 0.980, or 6.980 m below point A. 


-0.980 m 


I Water 

1 m 




Fig. 3-34(a) 


Fig. 3-34(6) 
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Circular gate ABC in Fig. 3-35 is 4 m in diameter and is hinged at B. Compute the force P just sufficient to keep 
the gate from opening when 6 is 8 m. 


F = yh cg A = (9.79)(8)[jr(4) 2 /4] = 984.2 kN I xx = Jid 4 /64 = jr(4) 4 /64 =12.57 m 

-I xx sm0 — (12.57)(sin90°) 

X ' P K t A (8)[(?r)(2) 2 ] 125m 

XM s = 0 (F)(2) - (984.2)(0.125) = 0 F = 61.5kN 



Fig. 3-35(a) 


r 

Fig. 3-35(6) 



3.45 For the conditions given in Prob. 3.44, derive an analytical expression for P as a function of 6. 

I F= YK A = y6 cg [jr(r) 2 ] /„ = n(r) 4 /4 

-I xx sin 0 — [QT)(r) 4 /4](sin 90°) _ -r 2 

>cp K t A h[(jt)(r) 2 ] ~ 4 h 

2 M B = 0 Pr - [y6 cg (^r)(r) 2 ][(r) 2 /(4r)] = 0 P = ynr 3 /4 
(Note that force P is independent of depth h. ) 

3.46 Gate ABC in Fig. 3-36 is 2 m square and hinged at B. How large must h be for the gate to open? 

f The gate will open when resultant force F acts above point B —i.e., when |y cp | < 0.2 m. (Note in Fig. 3-366 
that is the distance between F and the centroid of gate ABC.) 

-4, sin© — [(2)(2) 3 /12](sin 90°) -1.333 

ycp ~ h Ci A ~ (6 + 1.0)[(2)(2)] _ 46 + 4 

For lyepj < 0.2,1.333/(46 + 4) < 0.2, 6 > 0.666 m. (Note that this result is independent of fluid weight.) 
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3.47 


Gate AB in Fig. 3-37 is 6 ft wide and weighs 2000 lb when submerged. It is hinged at B and rests against a 
smooth wall at A. Determine the water level h which will just cause the gate to open. 


F = yh cg A F, = 62.4(6 + §)[(10)(6)] = 3744 h + 14 976 F 2 = 62.4(5 + §)[(10)(6)] = 33 696 lb 


p 


—/„ sin 6 
h^A 


(ycp) 2 = 


(>cp)l 


-[(6)(10)V12](^) -6.67 

(h + 1)[(10)(6)] h+ 4 


~ [(6)(10) 3 /12](a) 

(5 +1)[(10)(6>] 


= -0.741 ft 


2 Af* = 0 (3744/2 + 14 976)[5 - 6.67/(/t + 4)] - (33 696)(5 - 0.741) - (2000)(|) = 0 h = 5.32 ft 




Fig. 3-37(6) 


3.48 


The tank in Fig. 3-38 contains oil and water as shown. Find the resultant force on side ABC, which is 4 ft wide. 
I F = yh cs A F ab = [(0.80)(62.4)](f )[(10)(4)] = 9980 lb 


F ab acts at a point (§)(10), or 6.67 ft below point A. Water is acting on area BC, and any superimposed liquid 
can be converted to an equivalent depth of water. Employ an imaginary water surface (IWS) for this 
calculation, locating IWS by changing 10 ft of oil to (0.80)(10), or 8 ft of water. Thus, F BC = 

(62.4)(8 + §)[(6)(4)] = 16 470 lb. 


l^cp 


-4, sin 6 ~[(4)(6) 3 /12](sin 90°) 


KA 


(8 + §)[(6)(4)] 


= —0.27 ft (i.e., below the centroid of BC) 


F BC acts at a point (2 + 8 + § + 0.27), or 13.27 ft below A.T,M a = 0; (9980 + 16 470)(6^) - (9980)(6.67) - 
(16 470)(13.27) = 0, h cp = 10.78 ft from A. Thus, the total resultant force on side ABC is 9980 + 16 470, or 
26 450 lb acting 10.78 ft below A. 
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3.49 


3.50 


Gate AB in Fig. 3-39 is 4 ft wide and hinged at A. Gage G reads —2.17 psi, while oil (s.g. = 0.75) is in the right 
tank. What horizontal force must be applied at B for equilibrium of gate AB? 

I F = yh ct A F ml = [(0.75)(62.4)](|)[(6)(4)J = 3370 lb 

Fod acts (!)(6), or 4.0 ft from A. For the left side, the negative pressure due to the air can be converted to its 
equivalent head in feet of water. h=p/y = (-2.17)(144)/62.4 = —5.01 ft. This negative pressure head is 
equivalent to having 5.01 ft less water above A. Hence, F„ 2 0 = (62.4)(6.99 + 1)[(6)(4)] = 14 960 lb. 

—/„ sing —[(4)(6) 3 /12](sin 90°) 

>cp h cs A (6.99 +1)[(6)(4)] 

F„ 2 o acts at (0.30 + f), or 3.30ft below A. £ M A = 0; (3370)(4.0) + 6F - (14 960)(3.30) = 0, F = 5980 lb (acting 
leftward). 



Fig. 3-39 


A vertical circular disk 1.1 m in diameter has its highest point 0.4 m below the surface of a pond. Find the 
magnitude of the hydrostatic force on one side and the depth to the center of pressure. 

I F = yh^A = (9.79)(0.4 + 1. l/2)[(zr)(l. l) 2 /4] = 8.84kN 


^cp ^ 


VHt)* 


(zr)(l. l) 4 /64 


(0.4+ 1. l/2)[(zr)(l. l) 2 /4] 


= 1.03 m 


3.51 


The vertical plate shown in Fig. 3-40 is submerged in vinegar (s.g. = 0.80). Find the magnitude of the 
hydrostatic force on one side and the depth to the center of pressure. 


F = yh cg A 


F, = [(0.80)(9.79)](2 + I)[(3)(7)] = 905 kN 




(M, = 2 + 1 + 


(3)(7) 3 /12 


= 6.24 m 


(2 +1)[(3)(7)] 

(Acp)2 = [2 + 3 + 4 / 2 ] + 


F 2 = f(0.80)(9.79)][2 + 3 + 4/2][(2)(4)] = 439 kN 
(2)(4)’/12 


(2 + 3 + 4/2)[(2)(4)] 


= 7.19 m 


F = 905 + 439 = 1344 kN 


1344/i ^ = (905)(6.24) + (439)(7.19) 


/iq, = 6.55 m 



3.52 The irrigation head gate shown in Fig. 3-4la is a plate which slides over the opening to a culvert. The coefficient 
of friction between the gate and its sliding ways is 0.5. Find the force required to slide open this 1000-lb gate if it 
is set (a) vertically and (6) on a 2:1 slope (n = 2 in Fig. 3-41a), as is common. 
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f (a) F = yh cg A = (62.4)[14 + (f§)/2][(ff)(f§)] = 25 740 lb. Let T = force parallel to gate required 
to open it. £ F y = 0; T - 1000 - (0.5)(25 740) = 0, T = 13 870 lb. ( 6 ) See Fig. 3-416. F = 

(62.4)[14 + “(l/V5)/2][(f§)(f§)] = 23 584 lb. Let TV = total force normal to gate; TV = 

23 584 + (1000)(2/V5) = 24 478 lb. £ F y = 0; T - (1000)(1/V5) - (0.5)(24478) = 0, 7 = 12 686 lb. 



. ,, Culvert 

gate^^r- 1 

47777777777 ^ 777777777777777777777777777777777 . 


Fig. 3-41(«) 



Fig. 3-41(6) 


3.53 A 65-in-square floodgate, weighing 2200 lb, is hinged 44.5 in above the center, as shown in Fig. 3-42, and the 
face is inclined 5° to the vertical. Find the depth to which water will rise behind the gate before it will open. 

f Closing moment of gate about hinge = (2200)[(^)(sin 5°)] = 711 lb • ft 

F = yh cg A = (62.4)(A/2)[(f§)(/t)/cos 5°] = 169.66 2 

S^hi„ge = 0 (169.66 2 )[(65 + 12)/12 — (6/cos 5°)/3] — 711 = 0 h =0.826 ft 



3.54 


Gate MN in Fig. 3-43 rotates about an axis through TV. If the width of the gate is 5 ft, what torque applied to the 
shaft through TV is required to hold the gate closed? 


F = yh cg A F, = 62.4[6 + (3 + 4)/2][(3 + 4)(5)] = 20 748 lb F 2 = (62.4)(|)[(5)(4)] = 2496 lb 


y<v 


—4r sin 6 
h ct A 


(lcp)l = 


—[(5)(3 -I- 4) 3 /12](sin 90°) 
[6 + (3 + 4)/2][(3 + 4)(5)] 


= 0.430 ft 


F 2 acts at 0)(4), or 1.333 ft from TV. £ M N = 0; (20 748)[(3 + 4)/2 - 0.430] - (2496)(1.333) - torque^, = 0, 
torque* = 60 369 lb • ft. 



Fig. 3-43 
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3.55 Find the minimum depth of z for which the gate in Fig. 3-44 will open, if the gate is (a) square and (6) isosceles 
triangular, with base = height. 

# <«) F = yh cg A Fh 2 o = (62.4)(z — §)[(3)(3)] = (561.6)(z — 1.5) 

-/« sin 8 — [(3)(3) 3 /12](sin 90°) -0.750 

3 ' cp_ h ce A (yc p)h 2 o- ( z _ |)[(3)(3)] _ z —1.5 

Moment due to water = [(561.6)(z - 1.5)][| + 0.750/(z —1.5)] = (561.6)(1.5z — 1.500) 

Fg^ — pA = [(5)(144)][(3)(3)] = 6480 lb. F gas acts at 1, or 1.5 ft below hinge. Moment due to gas = (6480)(1.5) = 
97201b • ft. Equating moments gives (561.6)(1.5z —1.500) = 9720, z = 12.54 ft. 

(ft) Fh 2 o = (62.4)[z - (l)(3)][(3)(3)/2] = (280.8)(z - 2.000) 

—[(3)(3)V36](sin 90°) 0.500 

Whj ° [z - d)(3)][(3)(3)/2] z - 2.000 

Moment due to water = [(280.8)(z - 2.000)][§ + 0.500/(z - 2.000)] = 280.8z - 421.2 

Fgn ~ [(5)(144)][(3)(3)/2] = 3240 lb. F g „ acts at |, or 1.000 ft below hinge. Moment due to gas = 

(3240)(1.000) = 3240 lb • ft. Equating moments gives (280.8z - 421.2) = 3240, z = 13.04 ft. 



3.56 The triangular gate CDE in Fig. 3-45 is hinged along CD and is opened by a normal force P applied at E. It 
holds a liquid of specific gravity 0.82 above it and is open to the atmosphere on its lower side. Neglecting the 
weight of the gate, find (a) the magnitude of force exerted on the gate, by direct integration; (6) the location of 
the center of pressure; and (c) the force P needed to open the gate. 


f (a) F = J yh dA — J y(y sin 6)(x dy). When y = 8, x = 0, and when y = 8 + or 14, x = 6, with x varying 
linearly with y. Hence, x =y — 8. When y = 14, x = 6, and when y = 8 + 12, or 20, x = 0, with x varying linearly 
with y. Hence, x = 20 - y. 


rl4 <*20 

F= [(0.82)(62.4)](y sin 30°)[(y — 8) dy] + [(0.82)(62.4)](y sin 30°)[(20 -y) dy) 

Js j 14 

= [(0.82)(62.4)](sin30°){[^-4y 2 ] 14 + [lOy 2 -^]^} = 12 8941b 


(ft) 


■^cp 


— l xy sin 6 
h cg A 


Since l xy = 0, = 0, 

_ -4c sin 8 —[(2)(6)(f)Vl2](sin30°) 

>CP KA [(8 + ¥)(sin 30°)][(12)(6)/2] 

(i.e., the pressure center is 0.43 ft below the centroid, measured in the plane of the area). 


2A4d = 0 


(c) 


6P = (12 894)(f) P = 4298 lb 
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Determine the force acting on one side of vertical surface OACO in Fig. 3-46 and the location of the center of 
pressure, if y = 8.4 kN/m 3 . The curved edge is an arc of the parabola y = x 2 /8. 


F — J yy dA — JT (8.4)(y)(2x dy) = jf (8.4)(y)(2V8y) dy = f°47.52y 3f2 dy = [19.01y s/2 ]J = 19.01 kN 


[yy 2 dA f (8.4)(yf(2x dy) f (8A)(y) 2 (2\/ty) dy [ 47.52 y 5/2 dy r 

_ i __ __ Jg _Jo_[13. 


58 y 7a )l 


= 0.714 m 



3.58 


Find the force exerted by water on one side of the vertical annular disk shown in Fig. 3-47. Also locate the 
center of pressure. 

I F = yhogA = (9.79)(3)[(tt)( 1) 2 - (*)®) 2 ] = 59.05 kN 

/eg = W(l) 4 /4 - (*)®74 = 0.6836 m 4 


hep h Qg + - 


0.6836 

'3[(^)(l) 2 -(^)(^) 2 ] 


= 3.113 m 
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3.59 Determine y in Fig. 3-48 so that the flashboards will tumble only when the water reaches their top. 
f The flashboards will tumble when y is at the center of pressure. Hence, y = 3 , or 1.333 m. 


Fig. 3-48 

3.60 Determine the pivot location y of the square gate in Fig. 3-49 so that it will rotate open when the liquid surface 
is as shown. 

I The gate will open when the pivot location is at the center of pressure. 

*- ! *»'+ '$~’>+ (3 -Si)] ~ 2 ' 167 m 




3.61 The gate in Fig. 3-50a (shown in raised position) weighs 350 lb for each foot normal to the paper. Its center of 
gravity is 1.5 ft from the left face and 2.0 ft above the lower face. For what water level below the hinge at O 
does the gate just begin to swing up (rotate counterclockwise)? 

f Refer to Fig. 3-506 and consider 1 ft of length. F = yhA = (62.4)[(/i 0 /2)][(/i 0 )(1)] = 31.2 h 2 0 \ E M 0 — 0; 
(2)(350) - (5 - h 0 /3)(31.2h 2 0 ) = 0, h a = 2.30 ft. 
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3.62 For the gate described in Prob. 3.61 and Fig. 3-50a, find h for the gate just to come up to the vertical position 
shown in Fig. 3-50a. 

I See Fig. 3-51. F, = yhA = (62.4)(/i)[(5)(l)] = 312/t, F 2 = (62.4)(/i/2)[(A)(l)] = 31.2A 2 ; £ M 0 = 0; 

(1.5)(350) + (h/3)(31.2h 2 ) - (2.5)(312 h) =0, h =0.68 ft. 



For the gate described in Prob. 3.61 and Fig. 3-50a, find h and the force against the stop when this force is a 
maximum for the gate. 

I See Fig. 3-51. F, = yhA = (62.4)(/i)[(5)(l)] = 312h, F 2 = (62.4)(A/2)[(/i)(l)] = 31.2/i 2 ; £ A # 0 = 0; 
(1.5)(350) + (A/3)(31.2A 2 ) - (2.5)(312/i) + (5)(F, lop ) = 0, F stop = 156 h - 2.08/i 3 - 105. 


= 156 — 6.24/t 2 = 0 
ah 


h =5.00 ft 


F stop = (156)(5.00) - (2.08)(5.00) 3 - 105 = 415 lb 

Compute the air pressure required to keep the gate of Fig. 3-52 closed. The gate is a circular plate of diameter 
0.8 m and weight 2.0 kN. 

I F=yhA F| lq = [(2)(9.79)][1.7 + (|)(0.8)(sin 45°)][^(0.8) 2 /4] = 19.52 kN 

T , 4 r hi «[(i)(Q-8)r/4 ? RiRtn 

cp cg z cg A [cos 45° + \ 2 / °’ 8 J + [1.7/cos 45° + (§)( 0 . 8 )][jt( 0 .8) 2 /4] 2 ' 

2 M hinge = 0 (19.52)(2.818 - 1.7/cos 45°) + 2.0[G)(0.8)(cos 45°)] - [^(0.8) 2 /4](p air )[(|)(0.8)] = 0 


4 i.7 , , Ma)(Q-8)r/4 

z cg A Lcos 45° \2/' j J [1.7/cos 45° + (|)(0.8)1 [jt(0.8) 2 /4] 


Pair = 42.99 kPa 



Fig. 3-52 


































CHAPTER 4 

Dams 


In Fig. 4-1, calculate the width of concrete dam that is necessary to prevent the dam from sliding. The specific 
weight of the concrete is 150 lb/ft 3 , and the coefficient of friction between the base of the dam and the 
foundation is 0.42. Use 1.5 as the factor of safety (F.S.) against sliding. Will it also be safe against overturning? 

f Working with a 1-ft “slice” (i.e., dimension perpendicular to the paper) of the dam, W dam = 

(20)(w)(l)(150) * 3000w, F = yhA, F„ = (62.4)[(0 + 15)/2][(15)(1)] = 7020 lb. 

_ sliding resistance _ (0.42) (3000w) 

* ■^•sliding >• •• c ^ 0.30 it 

sliding force 7020 

_ total righting moment _ [(3000)(8.36)](8.36/2) _ 

•overturning overturning moment (7020 )(t) 

Therefore, it should be safe against overturning. 



Figure 4-2 is the cross section of an earthwork (s.g. = 2.5) dam. Assuming that hydrostatic uplift varies linearly 
from one-half the hydrostatic head at the upstream edge of the dam to zero at the downstream edge, find the 
maximum and minimum pressure intensity in the base of the dam. 

f F = yhA F h = (62.4)[(0 + 97)/2][(97)(l)] = 293 561 lb 


For equilibrium, R x = 293 561 lb. 

W, = [(2.5)(62.4)][(1)(10)(90 + 30)] = 187 200 lb W 2 = [(2.5)(62.4)][(l)(60)(90)/2] = 421 200 lb 
Fa = [(62.4)(48.5 + 0)/2][(60 + 10)(1)] = 105 924 lb R, = 187 200 + 421 200 - 105 924 = 502 476 lb 
2 Afo = 0 (293 561)(32.33) + (187 200)(5) + (421200)(30) - (105 924)](60 + 10)/3] - 502 476* = 0 


* = 40.98 ft Eccentricity = 40.98 — (60 + 10)/2 = 5.98 ft 

Since the eccentricity is less than one-sixth the base of the dam, the resultant acts within the middle third of the 
base. 



MyX 

T 


± 


M x y 

h 


502476 
(60 +10)(1) ± 


[(502 476)(5.98)](60 +10)/2 
(1)(60 + 10)712 


± 0 = 7178 ± 3679 


Pma, = 7178 + 3679 = 10 857 lb/ft 2 


p m m = 7178 - 3679 = 3499 lb/ft : 
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4.3 For linear stress variation over the base of the dam of Fig. 4-3a, find where the resultant crosses the base and 
compute the maximum and minimum pressure intensity at the base. Neglect hydrostatic uplift. 

f Figure 4-3 b shows the forces acting on the dam. F, = y[(19 + 6)/2][(19 + 6)(1)] = 312y, F 2 = y[(6)(3)(l)] = 

18y, F 3 = y[(l)(19)(3)/2] = 28.5y, F 4 = [(2.5)(y)][(4)(19 + 6)(1)] = 250y, F 5 = [(2.5)(y)][(l)(19)(3)/2] = 71.25y, 

F 6 = [(2.5)(y)]f(l)(19)(ll)/2] = 261y; R y = 18y + 28.5y + 250y + 71.25y + 261y = 628.75y. E M A = 0; 
(628.75y)(x) - (312y)[(19 + 6)/3] - (18y)(1.5) - (28.5y)(l) - (250y)(3 + 2) - (71.25y)(3 - 1) - (261y)(4 + 3 + ^ 
x = 10.87 m. Eccentricity = 10.87 — (11 + 4 + 3)/2 = 1.87 ft. Since the eccentricity is less than one-sixth the base 
of the dam, the resultant acts within the middle third of the base. 


_F MyX M x y 
P A L 1' 


(628.75)(9.79) ^ [(628.75)(9.79)(1.87)](11 + 4 4- 3)/2 


(11 + 4 + 3X1) 

, = 342 + 213 = 555 kPa 


(1)(11 + 4 + 3) 3 /12 


± 0 = 342 ± 213 kPa 


p min = 342 - 213 = 129 kPa 




Fig. 4-3(a) 


Fig. 4-3(6) 
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4.4 For the conditions given in Prob. 4.3 with the addition that hydrostatic uplift varies linearly from 19 m at A to 
zero at the toe of the dam, would the resultant still act within the middle third of the base? 

f F v = y[(19 + 0)/2][(4 + 3 + 11)(1)] = 171y R y = 18y + 28.5y + 250y + 71.25y + 261y - 171y = 457. 75y 
2 M a = 0 (457.75y)(.r) - (312y)[(19 + 6)/3] - (18y)(1.5) - (28.5y)(l) - (250y)(3 + 2) 

- (71.25y)(3 - 1) - (261y)(4 + 3 + ¥) + (171y)[(4 + 3 + ll)/3] = 0 
x = 12.68 m Eccentricity = 12.68 — (11 + 4 + 3)/2 = 3.68 ft 

Since the eccentricity is greater than one-sixth the base of the dam, the resultant acts outside the middle third of 
the base. 

4.5 A concrete dam retaining water is shown in Fig. 4-4a. If the specific weight of the concrete is 150 lb/ft 3 , find the 
factor of safety against sliding, the factor of safety against overturning, and the pressure intensity on the base. 
Assume the foundation soil is impermeable and that the coefficient of friction between dam and foundation soil 
is 0.45. 

f The forces acting on the dam are shown in Fig. 4.4 b. F = yhA, F x = (62.4)[(0 + 42)/2][(42)(l)] = 55 040 lb. 
From Fig. 4-4 b, CD/ 42 = j§, CD = 8.40 ft; F y = (62.4)[(8.40)(42)/2](l) = 11010 lb. 


component 

weight of component (laps) 

moment arm 
from toe, B (ft) 

righting moment 
about toe, B 
(Idp-ft) 

1 

(!)(10x50)(0.15)(l)= 37.50 

20 +¥ = 23.33 

875 

2 

(10 x 50)(0.15)(1) = 75.00 

10+ ¥ = 15.00 

1125 

3 

G)(10x50)(0.15)(1)= 37.50 

(§)(10) = 6.67 

250 

Fy 

11.01 

30 -0)(8.4O) = 27.20 

299 


E v = 161.01 Ups 


E Af r = 2549 kip • ft 


M overtuming = (55.04)(f) = 771 kip-ft 


_ sliding resistance _ (0.45)(161.01) _ 
•sliding sliding force 55.04 


_ total righting moment _ 2549 
•overturning over t urn i n g moment 771 

R x = F x = 55.04 kips and R y = T t V = 161.01 kips; hence, R = V55.04 2 +161.01 2 = 170.16 kips. 


E Mb E Mr-M 0 2549-771 
R y EV " 161.01 


11.04 ft 


Eccentricity = t ~ 11.04 = 3.96 ft 


Since the eccentricity is less than one-sixth the base of the dam, the resultant acts within the middle third of the 
base. 


F M y x M x y 

p=-± — ± 


161.01 [(161.01)(3.96)](15) 


4 (30)(1) 


(1)(30) 3 /12 


±0 = 5.37 ±4.25 


p B = 5.37 + 4.25 = 9.62 kips/ft 2 p A = 5.37 - 4.25 = 1.12 kips/ft 2 


The complete pressure distribution on the base of the dam is given in Fig. 4-4 c. 
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4.6 A concrete dam retaining water is shown in Fig. 4-5«. If the specific weight of the concrete is 23.5 kN/m 3 , find 
the factor of safety against sliding, the factor of safety against overturning, and the pressure intensity on the 
base. Assume there is a hydrostatic uplift that varies uniformly from full hydrostatic head at the heel of the dam 
to zero at the toe and that the coefficient of friction between dam and foundation soil is 0.45. 

f The forces acting on the dam are shown in Fig. 4-5i>. F = yhA, F x = (9.79)[(0 +14)/2][(14)(1)] = 959.4 kN, 

F y = (9.79)[(3)(14 - 3)(1)] = 323.1 kN. Hydrostatic uplift varies from (14)(9.79), or 137.1 kN/m 2 at the heel to 
zero at the toe, as shown in Fig. 4-5b. F v = (137.1/2)(15)(1) = 1028 kN. It acts at (5)(15), or 5.0 m from point A, 
as shown in Fig. 4-5 b. 
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component 

weight of component (kN) 

moment arm 
from toe, B (m) 

righting moment 
about toe, B 
(kN-m) 

1 

(i)(15 - 3 - 4)(12)(23.5)(1) = 1128 

(|)(15-3-4)= 5.333 

6016 

2 

(4)(12 + 3)(23.5)(1) = 1410 

(15-3-1) = 10.000 

14100 

3 

(15)(3)(23.5)(1) = 1058 

f= 7.500 

7935 

Fy 

= 323 

(15-|) = 13.500 

4360 


E V = 3919 kN 


EM r = 32411 kN-m 


Aiovertumu* = (959.4)($) + (1028)(10) = 14 760 kN 

_ sliding resistance _ (0.45)(3919 -1028) _ 
-sliding sliding force 959.4 

_ total righting moment _ 32411 _ 
•overturning overturning moment 14760 


R X = F X = 959.4 kN and R y = E V - F v = 3919 - 1028 = 2891 kN; hence, R = V959.4 2 + 2891 2 = 3046 kN. 


LM„ 

Ry 


HM r -M 0 

E v 


32411-14760 

2891 


= 6.105 m 


Eccentricity = t _ 6.105 = 1.395 m 


Since the eccentricity is less than one-sixth the base of the dam, the resultant acts within the middle third of the 
base. 


F MyX M x y _ 2891 
P A ± I y ± I x ~ (15)(1) 


[(2891)(1.395)](f) 
(1)(15) 3 /12 


±0=192.7 ±107.5 


p B = 192.7 + 107.5 = 300.2 kN/m 2 p A = 192.7 - 107.5 = 85.2 kN/m 2 


The complete pressure distribution on the base of the dam is given in Fig. 4-5c. 



Fig. 4-5(a) 
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4.7 A concrete dam retaining water is shown in Fig. 4-6 a. If the specific weight of the concrete is 23.5 kN/m 3 , find 
the factor of safety against sliding, the factor of safety against overturning, and the maximum and minimum 
pressure intensity on the base. Assume there is no hydrostatic uplift and that the coefficient of friction between 
dam and foundation soil is 0.48. 

f The forces acting on the dam are shown in Fig. 4-6 b. F = yhA, F„ = (9.79)[(0 -I- 6)/2][(6)(l)] = 176.2 kN. 





righting moment 



moment arm from toe, 

about toe. 

component 

weight of component (kN) 

A (m) 

A (kN* m) 

1 

(i)(2)(7)(23.5) = 164.5 

(f)(2) = 1.333 

219 

2 

(2)(7)(23.5) = 329.0 

2 + 1 = 3.000 

987 


EV = 493.5 kN 


EM,= 1206 kN • m 
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M ovcnumiag = (176.2)(f) = 352.4 kN 

F „ _ slinding resistance _ (0.48)(493.5) _ 

sliding sliding force 176.2 

_ total righting moment _ 1206 
■overturning overturning moment 352.4 

R X = F„ = 176.2 kN and R y = E V = 493.5 kN; hence, R = Vl76.2 2 + 493.5 2 = 524 kN. 


E M a E Mr - Mo 1206 ~ 352.4 
R y E V 493.5 


1.730 m 


Eccentricity = \ - 1.730 = 0.270 m 


Since the eccentricity is less than one-sixth the base of the dam, the resultant acts within the middle third of the 
base. 


F , M y x , M x y 493.5 , [(493.5)(0.270)](|) , „ 


P A ± L ± L 


± 0 = 123.4 ± 50.0 


- (4)(1) * (1)(4) 3 /12 

p m „ = 123.4 + 50.0 = 173.4 kN/m 2 p^ n = 123.4 - 50.0 = 73.4 kN/m 2 



Fig. 4-6(a) 


h 2 H 



Fig. 4-6(6) 
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4JJ For the dam shown in Fig. 4-7, what is the minimum width 6 for the base of a dam 100 ft high if hydrostatic 
uplift is assumed to vary uniformly from full hydrostatic head at the heel to zero at the toe, and also assuming 
an ice thrust P> of 12 480 lb per linear foot of dam at the top? For this study, make the resultant of the reacting 
forces cut the base at the downstream edge of the middle third of the base (i.e., at O in Fig. 4-7) and take the 
weight of the masonry as 2.50y. 

I F=yhA F h = (62.4)[(100 + 0)/2][(100)(l)] = 312 000 lb F v = [(100)(62.4)/2][(1)(6)] = 3120b 
W t i = [(2.50)(62.4)][(20)(100)(1)] = 312 000 lb W 2 = [(2.50)(62.4)][(6 - 20)(100)(l)/2] = 7800 b - 156 000 

2a* 0 =o 

(312 000)(fO + (31206)(6/3) - (312 000)[(|)(h) - f] - (78006 -156 000)[(|)(6 - 20) - 6/3] + (12 480)(100) = 

36 2 + 1006 - 24 400 = 0 6 = 75.0ft 








] CHAPTER 5 

Forces on Submerged Curved Areas 


5.1 The submerged, curved surface AB in Fig. 5-la is one-quarter of a circle of radius 4 ft. The tank’s length 

(distance perpendicular to the plane of the figure) is 6 ft. Find the horizontal and vertical components of the 
total resultant force acting on the curved surface and their locations. 

f The horizontal component of the total resultant force acting on the curved surface is equal to the total 
resultant force, F H , acting on the vertical projection of curved surface AB (i.e., BF in Fig. 5-lb). This projection 
is a rectangle 6 ft long and 4 ft high. For the portion of F H resulting from horizontal pressure of BHEF in Fig. 
5-lb, p x = (8)(62.4) = 499 lb/ft 2 , A = (6)(4) = 24 ft 2 , F 1 = (499)(24) = 11980 lb. For the portion of F„ resulting 
from horizontal pressure of HGE in Fig. 5-lb, p 2 = (62.4)[(0 + 4)/2] = 125 lb/ft 2 , F 2 = (125)(24) = 3000 lb; 

F„ = F l + F 2 = 11980 + 3000 = 14 980 lb. The vertical component of the total resultant force acting on the curved 
surface is equal to the weight of the volume of water vertically above curved surface AB. This volume consists 
of a rectangular area ( AFCD in Fig. 5-lc) 4 ft by 8 ft and a quarter-circular area (ABF in Fig. 5-lc) of radius 
4 ft, both areas being 6 ft long. This volume (V) is V = [(4)(8) -I- (jr)(4) 2 /4](6) = 267.4 ft 3 , F v = weight of water 
in V - (267.4)(62.4) = 16 690 lb. The location of the horizontal component (F H ) is along a (horizontal) line 
through the center of pressure for the vertical projection (i.e., the center of gravity of EFBG in Fig. 5-lb). This 
can be determined by equating the sum of the moments of F x and F 2 about point C to the moment of F„ about 
the same point. (11980)(8 + 5 ) + (3000)[8 + (f)(4)] = 14 9806,^, h cp = 10.13 ft. (This is the depth from the water 
surface to the location of the horizontal component. Stated another way, the horizontal component acts at a 
distance of 12 — 10.13, or 1.87 ft above point B in Fig. 5-lb.) The location of the vertical component ( F v ) is 



B 


Fig, 5-l(a) 




Fig. 5-1(6) 


Fig. 5-l(e) 
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along a (vertical) line through the center of gravity of the liquid volume vertically above surface AB (i.e., the 
center of gravity of ABCD in Fig. 5-lc). This can be determined by referring to Fig. 5-lc and equating the sum 
of the moments of the rectangular area (AFCD in Fig. 5-lc) and of the quarter-circular area (ABFm Fig. 5-lc) 
about a vertical line through point B to the moment of the total area about the same line. (x)[(8)(4) + 

(jt)( 4) 2 /4] = [(8)(4)](|) + [(^t)(4) 2 /4][(4)(4)/(3jt)], x = 1.91 ft. (This is the distance from point B to the line of 
action of the vertical component.) 

5.2 Solve Prob. 5.1 for the same given conditions except that water is on the other side of curved surface AB, as 
shown in Fig. 5-2. 

f If necessary, refer to the solution of Prob. 5.1 for a more detailed explanation of the general procedure for 
solving this type of problem, p = p avg = (y)[(/i, + h 2 )/ 2] = (62.4)[(8 + 12)/2] = 624 lb/ft 2 , A = (6)(4) = 24 ft 2 , 
F H =pA- (624)(24) = 14 980 lb. The vertical component (F v ) is equal to the weight of the imaginary volume of 
water vertically above surface AB. Hence, F v = [(4)(8) + (;r)(4) z /4](6)(62.4) = 16 690 lb. The location of the 
horizontal component is 10.13 ft below the water surface (same as in Prob. 5.1 except that F H acts toward the 
left). The location of the vertical component is 1.91 ft from point B (same as in Prob. 5.1 except that F v acts 
upward). 



^ Fig. 5-2 

5.3 The submerged sector gate AB shown in Fig. 5-3a is one-sixth of a circle of radius 6 m. The length of the gate is 
10 m. Determine the amount and location of the horizontal and vertical components of the total resultant force 
acting on the gate. 

f If necessary, refer to the solution of Prob. 5.1 for a more detailed explanation of the general procedure for 
solving this type of problem. Refer to Fig. 5-3 b. F„ = yhA = (9.79)[(0 + 5.196)/2][(10)(5.196)] = 1322 kN, 
Area^ac = area XCBD + area SDO - area^ so = (5.196)(3) + (3.000)(5.196)/2 - (jt)( 6) 2 /6 = 4.532 m 2 , F v = 
(area^ sc )(length of gate)(y) = (4.532)(10)(9.79) = 444 kN. The location of the horizontal component (F fl ) is 
along a (horizontal) line 5.196/3, or 1.732 m above the bottom of the gate (A). The location of the vertical 
component ( F v ) is along a (vertical) line through the center of gravity of section ABC. Taking area moments 
about AC, 4.532x = [(5.196)(3)](!) + [(|)(3.000)(5.196)](3 + 3.000/3) - [(;r)(6) 2 /6]{6 - [cos (60°/2)](2)(6)/^}, 
x = 0.842 m. 



(a) 


Fig. 5-3(a) 
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Kg. 5-3(6) 


5.4 The curved surface AB shown in Fig. 5-4a is a quarter of a circle of radius 5 ft. Determine, for an 8-ft length 
perpendicular to the paper, the amount and location of the horizontal and vertical components of the total 
resultant force acting on surface AB. 

i If necessary, refer to the solution of Prob. 5.1 for a more detailed explanation of the general procedure for 
solving this type of problem. Refer to Fig. 5-46. F H = yhA = (62.4)[(0 + 5)/2][(5)(8)] = 6240 lb, area ABD = 
area^csD - area„ flc = (5)(5) - (jt)( 5) 2 /4 = 5.365 ft 2 , F v = (area^ B „)(length)(y) = (5.365)(8)(62.4) = 2678 lb. 

F fl is located at §, or 1.67 ft above C. F v is located at x from line AD. 5.365* = [(5)(5)](|) — 

[(ar)(5) 2 /4][5 - (4)(5)/(3w)], * = 1.12 ft. 



5.5 Determine the value and location of the horizontal and vertical components of the force due to water acting on 
curved surface AB in Fig. 5-5, per foot of its length. 

f If necessary, refer to the solution of Prob. 5.1 for a more detailed explanation of the general procedure 
for solving this type of problem. F„ = yhA = (62.4)[(0 + 6)/2][(6)(l)] = 1123 lb, F v = (area)(length)(y) = 
[(jt)( 6) 2 /4](1)(62.4) = 1764 lb. F H is located at (f)(6), or 4.00 ft below C. F v is located at the center of gravity 
of area ABC, or distance * from line CB. x — 4r/(3jr) = (4)(6)/(3 jt) = 2.55 ft. 

5.6 The 6-ft-diameter cylinder in Fig. 5-6 weighs 5000 lb and is 5 ft long. Determine the reactions at A and B, 
neglecting friction. 
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f The reaction at A is due to the horizontal component of the liquid force acting on the cylinder (F„). 

F h = yhA = [(0.800)(62.4)][(0 + 6)/2][(3 + 3)(5)] = 4493 lb. F„ acts to the right; hence, the reaction at A is 
4493 lb to the left. The reaction at B is the algebraic sum of the weight of the cylinder and the net vertical 
component of the force due to the liquid. (F v ) up = (area ECOBDE )(length)(y), (/v)<*,„„ = (area ECDE )(length)(y), 
(Jv)„e. = (FvU ~ (Fv)down = (area COBDC )(length)(y) = [(jr)(3) 2 /2](5)[(0.800)(62.4)] = 3529 lb (upward). The 
reaction at B is 5000 — 3529, or 1471 lb upward. 



Fig. 5-6 
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5.7 Referring to Fig. 5-7, determine the horizontal and vertical forces due to the water acting on the cylinder per 
foot of its length. 

# ( F h )cda = 62.4{[4 + (4 + 4.24 + 0.88)]/2}[(2.12 + 3)(1)] = 2096 lb 

(. F h ) ab = (62.4){[(4 + 4.24) + (4 + 4.24 + 0.88)]/2}[(0.88)(l)] = 477 lb 
(Fh) ne. = (F h )cda - (F h )ab = 2096 - 477 = 1619 lb (right) 

(F v ) n „ = (Fv)dab ~ (F v )dc = weight of volume D/1SFED - weight of volume DCGED = weight of volume 0/ , BFGCO 
= weight of (rectangle OF7C + triangle^ + semicircle CDy4fl ) 

= 62.4[(4)(4.24) + (4.24)(4.24)/2 + (jt)( 3) 2 /2](1) = 2501 lb (upward) 


■f'V 


Kg. 5-7 

5.8 In Fig. 5-8, an 8-ft-diameter cylinder plugs a rectangular hole in a tank that is 3 ft long. With what force is the 
cylinder pressed against the bottom of the tank due to the 9-ft depth of water? 

I (FvU = (Fy) CDE - Fy )ca - (F V ) BE = 62.4[(4 + 4)(7) - (zr)(4) 2 /2](3) 

- 62.4[(7)(0.54) + (^)(^)(4) 2 - (2)(3.46)/2](3) 

- 62.4[(7)(0.54) + (^)(tt)( 4) 2 - (2)(3.46)/2](3) = 4090 lb (downward) 


Fig. 5-8 

5.9 In Fig. 5-9, the 8-ft-diameter cylinder weighs 500 lb and rests on the bottom of a tank that is 3 ft long. Water 

and oil are poured into the left- and right-hand portions of the tank to depths of 2 ft and 4 ft, respectively. Find 
the magnitudes of the horizontal and vertical components of the force that will keep the cylinder touching the 
tank at B. 

I (F„) act = (F h ) ab - (F h ) cb = [(0.750)(62.4)][(0 + 4)/2][(4)(3)] - (62.4)[(0 + 2)/2][(2)(3)] = 749 lb (left) 
(F V U = (F v ) ab + ( F v ) cb = [(0.750)(62. 4)][(jt) (4) 2 / 4] (3) + (62.4)[(^)(^)(4) 2 - (2)(Vl2)/2](3) 

= 2684 lb (upward) 

The components to hold the cylinder in place are 749 lb to the right and 2684 — 500, or 2184 lb down. 
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5.10 



The half-conical buttress ABE shown in Fig. 5-10 is used to support a half-cylindrical tower ABCD. Calculate 
the horizontal and vertical components of the force due to water acting on the buttress. 

I F h = yh cg A = (62.4)(3 + f)[(6)(2 + 2)/2] = 3744 lb (right) 

F v = weight of (imaginary) volume of water above curved surface 
= (62.4)[(j)(6)(;r)(2) 2 /3 + G)(*)(2) 2 (3)] = I960 lb (up) 


5.11 



A dam has a parabolic shape z = Zo(x/x a ) 2 , as shown in Fig. 5-lla. The fluid is water and atmospheric pressure 
may be neglected. If x 0 = 10 ft and Zo = 24 ft, compute forces F„ and F v on the dam and the position c.p. where 
they act. The width of the dam is 50 ft. 

I F„ = yhA - 62.4[(24 + 0)/2][(24)(50)] = 898 600 lb. The location of F„ is along a (horizontal) line y, or 
8.00 ft above the bottom of the dam. F v = (area 0/ , B )(width of dam)(y). (See Fig. 5-116.) Area (v , s = 2x 0 Za/3 = 
(2)(10)(24)/3 = 160 ft 2 , F v = (160)(50)(62.4) = 499 200 lb. The location of F v is along a (vertical) line through the 
center of gr avity of areata- Fr om Fig. 5-116, x = 3x 0 /8 = (3)(10)/8 = 3.75 ft, z = 3zo/5 = (3)(24)/5 = 14.4 ft, 
Fre.ui.iM = V499 200 2 + 898 600 2 = 1028 000 lb. As seen in Fig. 5-llc, F rc , ult , n , acts down and to the right at an 
angle of arctan (499 200/898 600), or 29.1°. F tesulI „ t passes through the point (x, z) = (3.75 ft, 8 ft). If we move 
down alone the 29.1° line until we strike the dam, we find an equivalent center of pressure on the dam at 
x = 5.43 ft and z = 7.07 ft. This definition of c.p. is rather artificial, but this is an unavoidable complication of 
dealing with a curved surface. 
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5.12 The canal shown in cross section in Fig. 5-12u runs 40 m into the paper. Determine the horizontal and vertical 
components of the hydrostatic force against the quarter-circle wall and the point c.p. where the resultant strikes 
the wall. 

f F h — yhA = 9.79[(18 + 0)/2][(18)(40)] = 63 439 kN. The location of F„ is along a (horizontal) line or 
6.00 m above the bottom of the wall. F v = 9.79[(40)(jt)( 18) 2 /4] = 99 650 kN. The location of F v is along a 

(vertical) line through the center of gravity of area 0 „ B . x = 4r/(3jr) = (4)(18)/(3ar) = 7.64 m, F _.— = 

V63 439 2 + 99 650 2 = 118130 kN. As seen in Fig. 5-126, F rcmulualt acts down and to the right at an angle of arctan 
(99 650/63 439), or 57.5°. F rc , uhant passes through the point (*, z) = (7.64 m, 6.00 m). If we move down along the 
57.5° line until we strike the wall, we find an equivalent center of pressure at x - 8.33 m and z = 2.82 m. 



Fig. 5-12(a) 





5.13 Gate AB in Fig. 5-13a is a quarter circle 8 ft wide into the paper. Find the force F just sufficient to prevent 
rotation about hinge B. Neglect the weight of the gate. 

f F h = yhA = 62.4[(7 + 0)/2][(7)(8)] = 12 230 lb (left). The location of F H is along a (horizontal) line §, or 
2.333 ft above point B. (See Fig. 5-136.) F v = F l -F 2 = 62.4[(8)(7)(7)] - 62.4[(8)(*)(7) 2 /4] = 24 461 -19 211 = 
5250 lb (up). The location of F v can be determined by taking moments about point B in Fig. 5-136. 

525Qx = (24 461)(i) — (19 211)[7 — (4)(7)/(3zr)], x = 1.564 ft. The forces acting on the gate are shown in 
Fig. 5-13c. E M b = 0; 7F - (2.333)(12 230) - (1.564)(5250) = 0, F = 5249 lb (down). 
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Fig. 5-13(6) 



Fig. 5-13(e) 


5.14 Repeat Prob. 5.13 if the gate is steel weighing 3000 lb. 

f The weight of the gate acts at the center of gravity of the gate shown in Fig. 5-14. 2r/n- 
(2)(7)/jr = 4.456ft; SM,=0. From Prob. 5.14, IF - (2.333)(12230) - (1.564)(5250) + 
(3000)(7 - 4.456) = 0, F = 4159 lb. 

4-ooo It 


6 

I* ' 8 * + H Fig. 5-14 

5.15 Compute the horizontal and vertical components of the hydrostatic force on the quarter-circle face of the tank 
shown in Fig. 5-15a. 

f F h = yhcgA = 9.79[4 +1][(1)(7)] = 308 kN 

F v = F, - F 2 = (9.79)[(7)(1)(5)] - (9.79)[(7)(jt)( 1) 2 /4] = 289 kN (See Fig. 5-156.) 
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Fig. 5-15(a) 



I M I (VI 

Fig. 5-15(6) 


5.16 Compute the horizontal and vertical components of the hydrostatic force on the hemispherical boulder shown in 
Fig. 5-16a. 

f From symmetry, F„ = 0, F v = - F 2 (see Fig. 5-166). F v = 62.4[(nr)(3) 2 (12)] - (62.4)[(^)(!)(jr)(3) 3 ] = 

176431b. 

_g_ 

Water 


Fig. 5-16(a) 





3 -ft rad<u.s 



3-ft r<»d'*S 


Fig. 5-16(6) 


5.17 The bottled cider (s.g. = 0.96) in Fig. 5-17 is under pressure, as shown by the manometer reading. Compute the 
net force on the 2-in-radius concavity in the bottom of the bottle. 

I From symmetry, F„ = 0, p AA + [(0.96)(62.4)](£) - [(13.6)(62.4)](n) =P,™ = 0, p AA = 339 lb/ft 2 (gage); 

F v =p AA A boaom + weight of liquid below AA = 339[(^)(n) 2 /4] + [(0.96)(62.4)][(^)(jr)(£) 2 /4] - 
[(0.96)(62.4)][G)(|)(^)(*) 3 ] = 32.1 lb. 
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Fig. 5-17 


5.18 Half-cylinder ABC in Fig. 5-18n is 9 ft wide into the paper. Calculate the net moment of the pressure forces on 
the body about point C. 

I From symmetry, the horizontal forces balance and produce no net moment about point C. (See Fig. 5-186.) 
Fy = Fz ^buoyancy of body ABC [(0.85)(62.4)][(9)(jr)(|) 2 /2] = 15 184 lb, jc = 4r/(3nr) = (4)(l)/(3zr) = 1.910 ft, 
M c = (15184X1.910) = 29 001 lb • ft (clockwise). 



4ft 


Oil: 

s.g.=0.B5 



V//////////77////////////// Fig. 5-18(a) 



Fig. 5-18(6) 


5.19 


Compute the hydrostatic force and its line of action on semicylindrical indentation ABC in Fig. 5-19a per meter 
of width into the paper. 


I 


Fh = yKA = [(0.88)(9.79)] (2 + 2 + ¥)[(2.5)(1)] = 113.1 kN 


-/„ sin 6 -[(l)(2.5)7l2](sin 90°) 

>CP h^A (2 + 2 + ¥)[(2.5)(l)] 


-0.099 m 


As demonstrated in Prob. 5.18, F v = F buoy , ncy Q f body abc and it acts at 4r/(3x) from point C. F v = 
[(0.88)(9.79)][(l)(^)(¥) 2 /2] = 21.14 kN, x = 4r/ (3^) = (4)(¥)/ (3 jt) = 0.531 m. The forces acting on the 
indentation are shown in Fig. 5-196. F resu i tant = V21.14 2 + 113.1 2 = 115.1 kN. As shown in Fig. 5-196, F resultant 
passes through point O and acts up and to the right at an angle of arctan (21.14/113.1), or 10.59°. 
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Fig. 5-19(6) 


5 JO Find the force on the conical plug in Fig. 5-20. Neglect the weight of the plug. 

I F v = pA h oie + weight of water above cone = [(4. 5)(144 )][(tt)(1) 2 /4] + (62.4)[(4)(jt)(1) 2 /4] 

- (62.4)[G)(1.207)(;r)(l) 2 /4) = 685 lb 



Fig. 5-20 

5.21 The hemispherical dome in Fig. 5-21 is filled with water and is attached to the floor by two diametrically 
opposed bolts. What force in either bolt is required to hold the dome down, if the dome weighs 25 kN? 

f F v = weight of (imaginary) water above the container 

= 9.791(5 + 1.5)(jt)( 1.5) 2 ] - 9.79[(5)(;t)(0.04) 2 /4] - 9.79[(|)(|)(^)(1.5) 3 ] = 380.5 kN (up) 
net upward force on dome = 380.5 — 25 = 355.5 kN 
force per bolt = 355.5/2 = 177.7 kN 
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5.22 A 3-m-diameter water tank consists of two half-cylinders, each weighing 3.5 kN/m, bolted together as shown in 
Fig. 5-22a. If support of the end caps is neglected, determine the force induced in each bolt. 

f See Fig. 5-22b. Assuming the bottom half is properly supported, only the top half affects the bolt force. 

Pl • (9.79)(1.5 + 1) = 24.48 kN/m 2 ; E F y = Pl A 1 - 2F bolt - W„ 20 - hal( = 0,24.48[(3)(^)] - 2IU - 
9.79[(-^)(^)(1.5) 2 /2] - 3.5/4 = 0, Jw = 4.42 kN. 




Fig. 5-22(a) 


Fig. 5-22(6) 


5.23 The cylinder in Fig. 5-23a extends 5 ft into the paper. Compute the horizontal and vertical components of the 
pressure force on the cylinder. 

f See Fig. 5-236. Note that the net horizontal force is based on the projected vertical area with depth AB. 
F„ = yh cg A = 62.4[(4 + 2.828)/2][(4 + 2.828)(5)] = 7273 lb; F v = equivalent weight of fluid in regions 1,2, 3, 
and 4 = (62.4)(5)[(jr)(4) 2 /2 + (2.828)(4) + (2.828)(2.828)/2 + (jr)(4) 2 /8] = 14 579 lb. 



5.24 A 3-ft-diameter log (s.g. = 0.82) divides two shallow ponds as shown in Fig. 5-24a. Compute the net vertical and 
horizontal reactions at point C, if the log is 12 ft long. 
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Gate AB in Fig. 5-21a is a quarter circle 7 ft wide, hinged at B and resting against a smooth wall at A. Compute 
the reaction forces at A and B. 


F„ = yh cg A = (64)(11 - f)[(7)(6)] = 21 504 lb 


-4r sin 6 —[(7)(6) 3 /12](sin 90°) 
h^A ~ (11 -1)[(7)(6)] 


= -0.375 ft 


Thus, F h acts at § — 0.375, or 2.625 ft above point B. F v = weight of seawater above gate AB — 
(64)(7)[(11)(6)] - (64)(7)[(jt)( 6) 2 /4] = 29 568 -12 667 = 16 901 lb. The location of F v can be determined by 
taking moments about point A in Fig. 5-276. (29 568)(|) - (12 667)[(4)(6)/(3 tt)] = 16 90lx, x = 3.340 ft. The 
forces acting on the gate are shown in Fig. 5-27c. 


SM, = 0 (21 504)(2.625) + (16 901)(6 - 3.340) - 6A X = 0 

21504-^-16901 = 0 B x = 46031b 
2F y = 0 By — 16 901 = 0 By = 16 901 


A, = 16 901 lb 


By — 16 901 = 0 


By = 16 901 lb 





Hg. 5-27(c) 
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5.28 Curved wall ABC in Fig. 5-28*3 is a quarter circle 9 ft wide into the paper. Compute the horizontal and vertical 
hydrostatic forces on the wall and the line of action of the resultant force. 

I See Fig. 5-28b. F„ = yh^A — (62.4)(3.536)[(7.072)(9)] = 14 044 lb, F v = weight of (imaginary) water in 
crosshatched area in Fig. 5-28fe = (62.4)(9)[(?r)(5) 2 /4 - (2)(5 sin 45°)(5 cos 45°)/2] = 4007 lb; F rautant = 

V4007 2 + 14" 044 s = 14 604 lb. F resu itam passes through point O and acts at an angle of arctan ualt , or 15.9°, as 
shown in Fig. 5-28c. 





~ '4,604 lb 


5.29 Pressurized water fills the tank in Fig. 5-29 a. Compute the net hydrostatic force on conical surface ABC. 

I From symmetry, F„ = 0. The gage pressure of 100 kPa corresponds to a fictitious water level at 100/9.79, or 
10.215 m above the gage or 10.215 — 7, or 3.215 m above *4C (see Fig. 5-29 b). F v = weight of fictitious water 
above cone ABC = 9.79[(3.215)(jt)( 3) 2 /4 + (|)(6)(?r)(3) 2 /4] = 361 kN (up). 








le 1 


(h) 


Kg. 5-29(a) 


Fig. 5-29(6) 
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5 JO Gate AB in Fig. 5-3Ga is 7 m wide into the paper. Compute the force F required to prevent rotation about the 

hinge at B. Neglect atmospheric pressure. 

I F h = yhA = 9.79[(9.6 + 0)/2][(9.6)(7)] = 3158 kN. F„ acts at or 3.200 m above B (see Fig. 5-306). 

F v = weight of water above the gate = 9.79[(|)(6)(9.6)(7)] = 2632 kN. F v acts at or 2.250 m right of B (see 
Fig. 5-306). £ M b = 0; (3.200)(3158) + (2.250)(2632) - 9.6F = 0, F = 1670 kN. 



Fig. 5-30(a) Fig. 5-30(6) 


5 Jl The cylindrical tank in Fig. 5-31 has a hemispherical end cap ABC. Compute the total horizontal and vertical 

forces exerted on ABC by the oil and water. 

I F=yh c% A (F H )t = [(0.9)(9.79)](3 + §)[(jr)(2) 2 /2] = 221 kN (left) 

(F„h = {[(0.9)(9.79)](3 + 2) + (9.79)(!)}[(^)(2) 2 ]/2 = 338 kN (left) 

(F„) total = 221 + 338 = 559 kN (left) 

F v = weight of fluid within hemisphere = [(0.9)(9.79)][(s)(g)(^)(2) 3 ] + (9.79)[(j)(|)(^)(2) 3 ] = 156 kN (down) 



5J2 A cylindrical barrier holds water, as shown in Fig. 5-32. The contact between cylinder and wall is smooth. 
Consider a 1-m length of cylinder and determine its weight and the force exerted against the wall. 

I (Fv)bcd — (9.79)(l)[(^r)(2) z /2 + (2)(2) + (2)(2)] = 139.8 kN (up) 

( F V ) AB = (9.79)(1)[(2)(2) - (zr)(2) 2 /4] = 8.4 kN (down) 

If y = 0 139.8 -W^r- 8.4 = 0 131.4kN 

F„ = yh ci A (F h ) abc = (9.79)(2)[(2 + 2)(1)] = 78.3 kN (right) 

(Fh)dc — (9.79)(2 + !)[(2)(1)] = 58.7 kN (left) (F„) against w . u = 78.3 - 58.7 = 19.6 kN (right) 
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The revolving gate in Fig. 5-33 is a quarter-cylinder with pivot through O. What force Fis required to open it? 
(Treat the gate as weightless.) 

f At each point of ABC the line of action of the pressure force passes through O; hence the pressure has no 
moment about O. It follows that any F, no matter how small, suffices to produce a net opening moment. 



534 Find the vertical component of force on the parabolic gate of Fig. 5-34a and its line of action. 


F v = weight of imaginary liquid above gate = yL J (H — y)dx (see Fig. 5-346) 

J -0.8 _ r Wg 3/2-iO.S 

(2 — V5x) dx — (9.00)(3) 2x — — 5 — = 14.40 kN 

0 L 2 Jo 


yL J (H - y)x dx 

Xcp =--- (see Fig. 5-346) 


J p 0.8 /* 0.8 

(2 - V5x)x dx (9.00)(3) (2x - V5x 312 ) dx 

__ _0_*Jo_ 

14.40 ” 14.40 

= (9.00)(3)[jc 2 - (V5jc 5/2 )/|]S 8 /14.40 = 0.240 m 






1 , 3 H= 2 w 

y - ^.00 kd/v* ^ 


Gate 3 m 

\C wide (L=3m) 
r V 1 

a /;//}////???//V'S T. * 




Fig. 5-34(6) 


Determine the moment M needed to hold the gate of Fig. 5-34a shut. Neglect its weight. 

f F h = yitA = 9.00[(0 + 2)/2][(2)(3)] = 54.0 kN (left). F„ acts at |, or 0.667 m above point 0. F v = 14.40 kN 
(up) and Xep = 0.240m (from Prob. 5.34 and Fig. 5-346). E M 0 = 0; Af - (14.40)(0.240) - (54.0)(0.667) = 0, 
M = 39.5 kN • m. 
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5.36 


Find the force on the body (part of a parabolic cylinder) of Fig. 5-35. The length normal to the paper is 
L = 4.5 m, and y is 9.20 kN/m 3 . 


F h = yhA = (9.20)(i)[(l)(4.5)] = 20.70 kN 
r'fi 


f r V8 /jc 2 \ |V'I V ' 8 

F v = weight of liquid above OA = J yLy dx = J (9.20)(4.5)^— J dx = (9.20)(4.5) — = 39.03 kN 


, = V39.03 2 + 20.70 2 = 44.18 kN 


Fig. 5-35 

5.37 The curved plate in Fig. 5-36 is an octant of a sphere. Find the resultant force, including its line of action, acting 
on the outer surface, if the radius of the sphere is 600 mm and its center is 2 m below the water surface. 

f See Fig. 5-36. F H = yhA = y[H - 4r/(3jr)](*r 2 /4), F X = F Z = F„ = 9.79[2 - (4)(0. 6)/(3jt)][(jt)(0.6) 2 /4] = 

4.831 kN (both F x and F x act toward 0); F y = F v = weight of water above curved surface = y\(H)(jt)(r) 2 /4 — 
(g)(jr)(r) 3 /8J = 9.79[(2)(jr)(0.6) 2 /4 - (f)(ar)(0.6) 3 /8] = 4.429 kN. F, csuUant acts on a line through 0 making a 45° 
angle with the x and z axes because of symmetry; F (rau , tant = V4.429 2 + 4.831 2 + 4.831 2 = 8.142 kN. It acts at an 
angle 0 = arccos (4.429/8.142) = 57.0°. 




Fig. 5-36 


5.38 Find the horizontal and vertical components of the force per unit width exerted by fluids on the horizontal 

cylinder in Fig. 5-37 a if the fluid to the left of the cylinder is (a) a gas confined in a closed tank at a pressure of 
35.0 kN/m 2 and (6) water with a free surface at an elevation coincident with the uppermost part of the cylinder. 
Assume in both instances that atmospheric pressure occurs to the right of the cylinder. 

f (a) The “net vertical projection” (see Fig. 5-37 a) of the portion of the cylinder surface under consideration 
is 4 - (2 - 2 cos 30°), or 3.732 m. F„ = pA = 35.0[(1)(3.732)] = 130.6 kN (right). Note that the vertical force of 
the gas on surface ab is equal and opposite to that on surface be. Hence, the “net horizontal projection’Nsdth 
regard to the gas is ae (see Fig. 5-38 b), which is 2 sin30°, or 1.000 m. F v = 35.0[(1)(1.000)] = 35.0 kN (up). 

(6) F h = yhA = (9.79)(3.732/2)[(l)(3.732)] = 68.2 kN (right) 

F v = weight of crosshatched volume of water (Fig. 5-37 b) 

= (9.79)(l)[(|i)(^)(4) 2 /4 + G)(1.000)(3.732 - j) + (!)(!)] = 99.8 kN (up) 
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Fig. 5-37(6) 


5.39 A vertical-thrust bearing consists of an 8-in-radius bronze hemisphere mating into a steel hemispherical shell. At 
what pressure must grease be supplied to the bearing so that an unbroken film is present when the vertical 
thrust on the bearing is 600 000 lb? 

I Projected area = nr 2 = (zr)(8) 2 = 201.1 in 2 p=F/A = 600 000/201.1 = 2984 lb/in 2 

5.40 Find horizontal and vertical forces per foot of width on the Tainter gate shown in Fig. 5-38. 

I F h — yhA = (62.4)[(0 + 25)/2][(25)(l)] = 19 500 lb. F„ acts at (|)(25), or 16.67 ft below the water surface. 

F v = weight of imaginary water in ACBA = (62.4)(1)[(jt)( 25) 2 /5 — (2)(25 cos 36°)(25 sin 36°)/2] = 5959 lb. F v 
acts through the centroid of segment ABCA. 



Fig. 5-38 


5.41 The tank indicated in cross section in Fig. 5-39 is 6 m long normal to the paper. Curved panel MN is one-quarter 
of an ellipse with semiaxes b and d. If b = 5 m, d = 7 m, and a = 1.0 m, calculate the horizontal and vertical 
components of force and the resultant force on the panel. 

I F„ = yKA = 9.79(1.0 + 1)[(6)(7)] = 1850 kN 

+< 10 +?)+ o.o+Mmk ' 5407 m Mow wa,er su,fa “ 

F v — weight of water above surface MN = (9.79)(6)[(jr)(5)(7)/4 + (1.0)(5)] = 1908 kN 
Xcp = 46/(30 = (4)(5)/(3;r) = 2.122 m to the right of N F rcsultant = Vl908 2 + 1850 2 = 2658 kN 
Frcsuitant acts through the intersection of F„ and F v at an angle of arctan (1908/1850), or 45.9°. 



' rt *'p*v.4«l.. 


r 




t l-pse 

2, JlrL 
3 


-rrJroi 

4- 

Flg. 5-39 





104 0 CHAPTER 5 


5.42 


5.43 


Solve Prob. 5.41 if a = 1.0 ft, b = 5 ft, d = 7 ft, the tank is 6 ft long, and MN represents a parabola with vertex 
at N. 

I F H = yh cg A = (62.4)(1.0 +1)[(6)(7)] = 11 794 lb 

V = h cg + ~~ = (!•« + I) + . i = 5.407 ft below water surface 

hegA (1-0 + 2)L(6)(7)J 

F v = weight of water above surface MN = (62.4)(6)[(§)(7)(5) + (1.0)(5)] = 10 608 lb 
*cp = (1)(6) = (§)(5) = 1.88 ft to the right of N F result , nt = VlO 608 2 + 11 794 2 = 15 863 lb 
Resultant acts through the intersection of F„ and F v at an angle of arctan (10 608/11 794), or 42.0°. 


In the cross section shown in Fig. 5-40, BC is a quarter-circle. If the tank contains water to a depth of 6 ft, 
determine the magnitude and location of the horizontal and vertical components on wall ABC per 1 ft width. 

I F„ = yhA = (62.4)[(0 + 6)/2][(l)(6)] = 1123 lb = (1)(6) = 4.00 ft 

F v = weight of water above surface BC = (62.4)(1)[(6)(5)] - (62.4)(l)[(jr)(5) 2 /4] = 1872 - 1225 = 647 lb 


The location of F v can be determined by taking moments about point B. (1872)(§) — (1225)[(4)(5)/(3;r)] = 
647x cp , x cp = 3.22 ft. 



Fig. 5-40 


5.44 Rework Prob. 5.43 where the tank is closed and contains gas at a pressure of 10 psi. 

# F h = pA v = [(10)(144)][(1)(6)] = 8640 lb ^ = 1 = 3.0011 

F v = pA„ = [(10)(144)][(1)(5)] = 7200 lb = 1 = 2.50 ft 


5.45 


A spherical steel tank of 22 m diameter contains gas under a pressure of 300 kPa. The tank consists of two 
half-spheres joined together with a weld. What will be the tensile force across the weld? If the steel is 25.0 mm j 
thick, what is the tensile stress in the steel? 


f 


F = pA = 300[(?r)(22) 2 /4] = 114 040 kN 


force/length 114040/(22^) 
thickness 25.0/1000 


= 66 000 kPa 


5.46 


Determine the force required to hold the cone shown in Fig. 5-41a in position. 


f Figure 5-416 shows the vertical projection above the opening. p ajr = 0.6 — [(0.83)(62.4)](5.1)/144 = 
-1.23 psi, F air = [(1.23)(144 )][(jt)( 0.804) 2 ] = 360 lb, F^, = (62.4)(0.83)[(jr)(0.804) 2 (5.1 + 3)] = 852 lb, 
fco„. = (62.4)(0.83)[(3)(^)(0.804) 2 /3] = 105 lb; E F y = 0, 360 - 852 + 105 + F = 0, F = 387 lb. 




—J o.eoi ft 

! (r^'ucs) Fig. 5-41(6) 


X 



r 
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5.47 The cross section of the gate in Fig. 5-42 is given by 10* = 3y 2 ; its dimension normal to the plane of the paper is 
7 m. The gate is pivoted about O. Find the horizontal and vertical forces and the clockwise moment acting on 
the gate if the water depth is 1.8 m. 


f F„ = yhA = 9.79[(0 + 1.8)/2][(7)(1.8)] = 111.0 kN 

F v = weight of water above the gate = J (9.79)(7)(x dy) = (9.79)(7) j 0.3y 2 dy = (9.79)(7)j^—=40.0kN 

M 0 = (U1.0)(¥) + £ * (9.79)(7)g)(x dy) = 66.6 + (9.79)(7) £'*dy 
= 66.6 + (9.79)(7)[^^-] =78.3kN-m 


Fig. 5-42 

5.48 Find the wall thickness of steel pipe needed to resist the static pressure in a 36-in-diameter steel pipe carrying 
water under a head of 750 ft of water. Use an allowable working stress for steel pipe of 16 000 psi. 

f p = yh = (62.4)(750) = 46 800 lb/ft 2 or 325 lb/in 2 

T = pd/2 — (325)(36)/2 = 5850 lb/in of pipe length t = 5850/16 000 = 0.366 in 

5.49 A vertical cylindrical tank is 6 ft in diameter and 10 ft high. Its sides are held in position by means of two steel 
hoops, one at the top and one at the bottom. The tank is filled with water up to 9 ft high. Determine the tensile 
stress in each hoop. 

f See Fig. 5-43. F = yhA = 62.4[(0 + 9)/2][(9)(6)] = 15163 lb, T = F/2 = 15 163/2 = 7582 lb; stress in top 
hoop = ( 7582 )( to ) = 2275 lb, stress in bottom hoop = (7582)[(10 - 3)/10] = 5307 lb. 




Fig. 5-43(a) 


Fig. 5-43(6) 


1 
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5.50 


5.51 


A 48-in-diameter steel pipe, \ in thick, carries oil of s.g. = 0.822 under a head of 400 ft of oil. Compute the 
(a) stress in the steel and ( b ) thickness of steel required to carry a pressure of 250 psi with an allowable stress of 
18000psi. 

f p = yh = [(0.822)(62.4)](400) = 20517lb/ft 2 or 142.5 lb/in 2 o=^ 


(a) 

(b) 


(142.5)(48/2) „ _ . 

a =-;-= 13 680 psi 

4 

1800 o = ®^ t = o. 3 : 


A wooden storage vat, 20 ft in outside diameter, is filled with 24 ft of brine, s.g. = 1.06. The wood staves are 
bound by flat steel bands, 2 in wide by \ in thick, whose allowable stress is 16 000 psi. What is the spacing of the 
bands near the bottom of the vat, neglecting any initial stress? Refer to Fig. 5-44. 

f Force P represents the sum of all the horizontal components of small forces dP acting on length y of the vat, 
and forces T represent the total tension carried in a band loaded by the same length y. 

= 0 27-7 = 0 T = A stcel a stee i = [(2)(J)](16 000) = 8000 lb 

p = yhA = [(1.06)(62.4)](24)(20y) = 31749y (2)(8000) - 31 749y = 0 y= 0.504 ft or 6.05 in 



5.52 A 4.0-in-ID steel pipe has a j-in wall thickness. For an allowable tensile stress of 10 000 psi, what is the 
maximum pressure? 

f <7 = y 10000 = ( ^°^ p = 1250 lb/in 2 

5.53 A thin-walled hollow sphere 3.5 m in diameter holds gas at 1700 kPa. For an allowable stress of 50 000 kPa, 
determine the minimum wall thickness. 

% f Considering half a sphere of diameter d (3.5 m) and thickness t, ( Jidt){a ) = (p)(jid 2 /4), 

[(rr)(3.5)(0](50 000) = 1700[(^)(3.5) 2 /4], , = 0.02975 m, or 29.75 mm. 


5.54 A cylindrical container 8 ft high and 3 ft in diameter is reinforced with two hoops a foot from each end. When it 
is filled with water, what is the tension in each hoop due to the water? 

; f See Fig. 5-45. F = yhA = 62.4[(0 + 8)/2][(8)(3)] = 5990 lb. F acts at (§)(8), or 5.333 ft from the top of the 

container. 

2^ = 0 

27, + 2T 2 - 5990 = 0 (1) 

i = 0 (27 2 )(1.667) — (27,)(4.333) = 0 

7 2 = 2.607, (2) 

Solve simultaneous equations (1) and (2). 27, + (2)(2.607,) — 5990 = 0, 7, = 832 lb, 7 2 = (2.60)(832) = 2163 lb. 

K 
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A 30-mm-diameter steel (y = 77.0 kN/m 3 ) ball covers a 15-nun-diameter hole in the bottom of a chamber in 
which gas pressure is 27 000 kPa. What force is required to push the ball up into the chamber? 

I F =pA + weight of ball = 27 000[(jr)G&>) 2 /4] + [(5)(*)(il>) 3 ](77.0) = 4.780 kN 




CHAPTER 6 

Buoyancy and 


Flotation 



6.1 A stone weighs 105 ib in air. When submerged in water, it weighs 67.0 lb. Find the volume and specific gravity 
of the stone. 

f Buoyant force ( F b ) = weight of water displaced by stone (W) = 105 - 67.0 = 38.0 lb 

W = yV = 62. 4V 38.0 = 62.4V V = 0.609 ft 3 

weight of stone in air 105 

s.g. =- 2 -=-= 2.76 

weight of equal volume of water (0.609)(62.4) 

6.2 A piece of irregularly shaped metal weighs 300.0 N in air. When the metal is completely submerged in water, it 
weighs 232.5 N. Find the volume of the metal. 

I F b = W 300.0 - 232.5 = [(9.79)(1000)](V) V = 0.00689 m 3 

6.3 A cube of timber 1.25 ft on each side floats in water as shown in Fig. 6-1. The specific gravity of the timber is 
0.60. Find the submerged depth of the cube. 

I F„ = W 62.4[(1.25)(1.25)(Z>)] = [(0.60)(62.4)][(1.25)(1.25)(1.25)] D= 0.750ft 



6.4 Determine the magnitude and direction of the force necessary to hold a concrete cube, 0.300 m on each side, in 
equilibrium and completely submerged (a) in mercury (Hg) and ( b ) in water. Use s.g.„, ncre „. = 2.40. 

f («) Since s.g. Hg = 13.6 and s.g.= 2.40, it is evident that the concrete will float in mercury. Therefore, a 
force F acting downward will be required to hold the concrete in equilibrium and completely submerged in 
mercury. The forces acting on the concrete are shown in Fig. 6-2a, where F is the force required to hold the 
concrete cube in equilibrium and completely submerged, W is the weight of the concrete cube in air, and F b is 
the buoyant force. E F y = 0, F + W - F„ = 0, F + [(2.40)(9.79)][(0.300)(0.300)(0.300)] - 
[(13.6)(9.79)][(0.300)(0.300)(0.300)] = 0, F = 2.96 kN (downward). ( b ) Since s.g. concretc = 2.40, it will sink in 
water. Therefore, a force F acting upward will be required to hold the concrete in equilibrium and completely 
submerged in water. The forces acting on the concrete in this case are shown in Fig. 6-2 b. E F y = 0, 

W - F — F b = 0, [(2.40)(9.79)][(0.300)(0.300)(0.300)] - F - 9.79[(0.300)(0.300)(0.300)] = 0, F = 0.370 kN 
(upward). 

6.5 A concrete cube 10.0 in on each side is to be held in equilibrium under water by attaching a lightweight foam 
buoy to it, as shown in Fig. 6-3. (In theory, the attached foam buoy and concrete cube, when placed under 
water, will neither rise nor sink.) If the specific weight of concrete and foam are 150 lb/ft 3 and 5.0 lb/ft 3 , 
respectively, what minimum volume of foam is required? 


108 
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Fig. 6-2(a) 



Fig. 6-2(6) 


f The forces acting in this problem are shown in Fig. 6-3, where W f and W c are the respective weights of the 
foam and the concrete, and h, and are the respective buoyant forces on the foam and the concrete. £ F y = 0, 

W f - F bf + W c - F bc = 0, 5.0V, oim - 62.4V, oam + 150[(B)(fi)(S)] - 62.4[(fl)(«X©] = 0, V (oam = 0.883 ft 3 . 




Fig. 6-3 


6.6 A barge is loaded with 150 tons of coal. The weight of the empty barge in air is 35 tons. If the barge is 18 ft 
wide, 52 ft long, and 9 ft high, what is its draft (i.e., its depth below the water surface)? 

I F b = W 62.4[(18)(52)(£>)] = (150 + 35)(2000) D = 6.33 ft 

6.7 Determine the submerged depth of a cube of steel 0.30 m on each side floating in mercury. The specific gravities 
of steel and mercury are 7.8 and 13.6, respectively. 

I F b = W [(13.6)(9.79)][(0.3)(0.3)(D)] = [(7.8)(9.79)][(0.3)(0.3)(0.3)] D = 0.172 m 

6.8 A cube of wood (s.g. = 0.60) has 9-in sides. Compute the magnitude and direction of the force F required to 
hold the wood completely submerged in water. 

I Since s.g. wood = 0.60, it is evident that the wood will float in water. Therefore, a force F acting downward will 
be required to hold the wood in equilibrium and completely submerged. The forces acting on the wood are 
essentially the same as those shown acting on the concrete cube in Fig. 6-2a: £ F y = 0, F + W - F b = 0, 

F + [(0.«)(62.4)][(fi)(£)(£)] - 62.4[(£)(£)(£)] = 0, F = 10.5 lb (downward). 




110 0 CHAPTER 6 


6.9 A hollow cube 1.0 m on each side weighs 2.4 kN. The cube is tied to a solid concrete block weighing 10.0 kN. 
Will these two objects tied together float or sink in water? The specific gravity of the concrete is 2.40. 

f Let W = weight of hollow cube plus solid concrete block, (F b ) l = buoyant force on hollow cube, and 
(F b ) 2 = buoyant force on solid concrete block. W = 2.4 4- 10.0 = 12.4 kN, (/v,) a = 9.79[(1)(1)(1)] = 9.79 kN, 

V block = 10/[(2.40)(9.79)] = 0.4256 m 3 , (F„) 2 = (9.79)(0.4256) = 4.17 kN, (F fc ), + (F b ) 2 = 9.79 + 4.17 = 13.96 kN. 
Since [W = 12.4] < [(F^ + (F b ) 2 = 13.96 kN], the two objects tied together will float in water. 

6.10 A concrete cube 0.5 m on each side is to be held in equilibrium under water by attaching a light foam buoy to it. 
What minimum volume of foam is required? The specific weights of concrete and foam are 23.58 kN/m 3 and 
0.79 kN/m 3 , respectively. 

f Let W f = weight of foam in air, (F b ) f = buoyant force on foam, W c = weight of concrete in air, and 
(Fb) e = buoyant force on concrete. Y,F y =0,W f - (F b ) f + W C - (F b ) c = 0, 0.79V foam - 9.79V foam + 
23.58[(0.5)(0.5)(0.5)] - 9.79[(0.5)(0.5)(0.5)] = 0, V foam = 0.192 m 3 . 

6.11 A prismatic object 8 in thick by 8 in wide by 16 in long is weighed in water at a depth of 20 in and found to 
weigh 11.0 lb. What is its weight in air and its specific gravity? 

f The forces acting on the object are shown in Fig. 6-4. E F y = 0, T + F b — W =0, F b = weight of displaced 
water = 62.4[(8)(8)(16)/1728] = 37.0 lb, 11.0 + 37.0 -W = 0,W= 48.0 lb, s.g. = 48.0/37.0 = 1.30. 



I 


F k Fig. 6-4 

6.12 A hydrometer weighs 0.00485 lb and has a stem at the upper end which is cylindrical and 0.1100 in in diameter. 
How much deeper will it float in oil of s.g. 0.780 than in alcohol of s.g. 0.821? 

I W hydrometer = W dlsplaced lK|uid . For position 1 in Fig. 6-5 in the alcohol, 0.00485 = [(0.821)(62.4)](V,), 

Vi = 0.0000947 ft 3 (in alcohol). For position 2 in Fig. 6-5 in the oil, 0.00485 = [(0.780)(62.4)][0.0000947 + 
(/i)(jt)(0. 1100/12)74], h = 0.0750 ft, or 0.900 in. 



= 0.821 5.J.- 0.780 Fig. 6-5 

6.13 A piece of wood of s.g. 0.651 is 3 in square and 5 ft long. How many pounds of lead weighing 700 lb/ft 3 must be 
fastened at one end of the stick so that it will float upright with 1 ft out of water? 

B l^wood and lead l^'dispiy^ed water 

[(0.651)(62.4)][(5)(£)(£)] + 700V = 62.4[(5 - 1)(^)(^) + V] 

V = 0.00456 ft 3 W lead = (0.00456)(700) = 3.19 lb 

6.14 What fraction of the volume of a solid piece of metal of s.g. 7.25 floats above the surface of a container of 
mercury? 

f Let V = volume of the metal and V' = volume of mercury displaced. F b = W, [(13.6)(62.4)](V') = 
[(7.25)(62.4)](V), V'/V = 0.533. Fraction of volume above mercury = 1 — 0.533 = 0.467. 
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A rectangular open box 25 ft by 10 ft in plan and 12 ft deep weighs 40 tons and is launched in fresh water. 

(a) How deep will it sink? ( ft) If the water is 12 ft deep, what weight of stone placed in the box will cause it to 
rest on the bottom? 

I F b = W 

(a) 62.4[(25)(10)(D)] = (40)(2000) D = 5.13 ft 

(ft) 62.4[(25)(10)(12)] = (40 + W stone )(2000) W stone = 53.6 tons 

A block of wood floats in water with 2.0 in projecting above the water surface. When placed in glycerin of 
s.g. 1.35, the block projects 3.0 in above the liquid surface. Determine the specific gravity of the wood. 

I Let A = area of block and h = height of block. W block = [(s.g.)(62.4)](Aft/12), W displacidwater = 62.4[(A)(ft - 2)/12], 
Wdfcpiaced glycerin = [(1.35)(62.4)][(A)(ft - 3)/12]. Since the weight of each displaced liquid equals the weight 
of the block, W dispUcedwater = W dlsplaccdgly „ nn : 62.4[(A)(fc - 2)/12] = [(1.35)(62.4)][(A)(ft - 3)/12], h = 5.86 in. 

Also, W block = W dls|)lilcedwater -. [(s.g.)(62.4)][(A)(5.86/12)] = 62.4[(A)(5.86 - 2)/12], s.g. = 0.659. 


To what depth will an 8-ft-diameter log 15 ft long and of s.g. 0.425 sink in fresh water? 

f The log is sketched in Fig. 6-6 with center O of the log above the water surface because the specific gravity is 
less than 0.5. (Had the specific gravity been equal to 0.5, the log would be half submerged.) F b = W, F b = weight 
of displaced liquid = 62.4{(15)[(20/36O)(;r4 2 ) — (2)(j)(4 sin 0)(4 cos 0)]} = 261.40 — (14 976)(sin 0)(cos 0), 

W = [(0.425)(62.4)][(15)(;r4 2 ) = 19 996. 

261.40 - (14 976)(sin 0)(cos 0) = 19 996 

This equation can be solved by successive trials. 


Try 0 = 85°: 
Try 0 = 83°: 
Try 0 = 83.2°: 
Try 0 = 83.22°: 


(261.4) (85) - (14 976)(sin 85°)(cos 85°) = 20 919 

(261.4) (83) - (14 976)(sin 83°)(cos 83°) = 19 885 

(261.4)(83.2) - (14 976)(sin 83.2°)(cos 83.2°) = 19 988 

(261.4) (83.22) - (14 976)(sin 83.22°)(cos 83.22°) = 19 998 


(*19 996) 

(*19 996) 

(*19 996) 
(close enough) 


Depth of flotation = DC = OC-OD = 4.00 - 4.00 cos 83.22° = 3.53 ft 


(a) Neglecting the thickness of the tank walls in Fig. 6-7 a, if the tank floats in the position shown what is its 
weight? (6) If the tank is held so that the top is 10 ft below the water surface, as shown in Fig. 6-7ft, what is the 
force on the inside top of the tank? Use an atmospheric pressure equivalent to a 34.0-ft head of water. 

I (a) W unk = W displaccd liquid = 62.4[(l)(jr4 2 /4)] = 784 lb 

(ft) The space occupied by the air will be less at the new depth shown in Fig. 6-7 ft. Assuming that the 
temperature of the air is constant, then for positions a and ft, p A V A = p D V D , [62.4(34.0 + 1)][(4)(jt4 2 /4)] = 
[(62.4)(34.0 + 10 + y)][(y)(nr4 2 /4)], y 2 + 44. Oy - 140 = 0, y = 2.98 ft. The pressure at D is 10 + 2.98, or 12.98 ft 
of water (gage), which is essentially the same »s the pressure on the inside top of the cylinder. Hence, the force 
on the inside top of the cylinder is given by F = yhA — (62.4)(12.98)(jr4 2 /4) = 10180 lb. 

A ship, with vertical sides near the water fine, weighs 4000 tons and draws 22 ft in salt water (y = 64.0 lb/ft 3 )(see 
Fig. 6-8). Discharge of 200 tons of water ballast decreases the draft to 21 ft. What would be the draft d of the 
ship in fresh water? 
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Fig. 6-7(a) 



Fig. 6-7(6) 


f Because the shape of the underwater section of the ship is not known, it is best to solve this problem on the 
basis of volumes displaced. A 1-ft decrease in draft was caused by a reduction in weight of 200 tons, or 
yV d = 64.0[(1)(A)] = (200)(2000) where V d represents the volume between drafts 22 ft and 21 ft, and [(1)(A)] 
represents the water-line area times 1 ft, or the same volume V d . From the equation above, V d — 
(200)(2000)/64.0 = 6250 ft 3 (this is per foot depth), F b = weight of displaced liquid = yV d , V d = F b /y. In Fig. 6-8, 
the vertically crosshatched volume is the difference in displaced fresh water and salt water. This difference in 
volume can be expressed as W/y bcsb H2 o — W/y^Hjo. or (4000 — 200)(2000)/62.4 — (4000 — 200)(2000)/64.0. 
Since V d = 6250 ft 3 /ft depth, the vertically crosshatched volume can also be expressed as 6250y. Hence, 

6250y = (4000 - 200)(2000)/62.4 - (4000 - 200)(2000)/64.0, y = 0.49 ft; d = 21 + 0.49 = 21.49 ft. 



6.20 A barrel containing water weighs 283.5 lb. What will be the reading on the scales if a 2 in by 2 in piece of wood 
is held vertically in the water to a depth of 2.0 ft? 

f For every acting force, there must be an equal and opposite reacting force. The buoyant force exerted by the 
water upward against the bottom of the piece of wood is opposed by the 2 in by 2 in area of wood acting 
downward on the water with equal magnitude. This force will measure the increase in scale reading. 

F b = 62.4[(2)(t|)(n)] = 3.5 lb, new scale reading = 283.5 + 3.5 = 287.0 lb. 


6.21 Find the weight of the floating can in Fig. 6-9. 

I F b = W 9.79[(t5o)(^)(h®) 2 /4] = W W — 0.00344 kN or 3.44 N 


T | 

4cmi 


7cml 


J2L 


Water 


ef=8cm 


Fig. 6-9 



BUOYANCY AND FLOTATION 0 113 


6.22 The weight of a certain crown in air was found to be 14.0 N and its weight in water, 12.7 N. Was it gold 
(s.g. = 19.3)? 

I F„ = 14.0 -12.7 = 1.3 N y diH , actd „ 2 o = V cn>wn = 1.3/[(9.79)(1000)]= 0.0001328 m 3 

y aom = 14.0/0.0001328 = 105 422 N/m 3 or 105.4 kN/m 3 s.g.^ = 105.4/9.79 = 10.77 
Thus the crown was not pure gold. 

6.23 Repeat Prob. 6.22 assuming the crown is an alloy of gold (s.g. = 19.3) and silver (s.g. = 10.5). For the same 
measured weights, compute the fraction of silver in the crown. 

f From Prob. 6.22, s.g. CTOWn = 10.77. Let a = fraction of silver in crown. (a)(10.5) + (1 - ar)(19.3) = 10.77, 
10.5a + 19.3 - 19.3a- = 10.77, a = 0.969. 

6.24 A plastic sphere is immersed in sea water (y = 64.0 lb/ft 3 ) and moored at the bottom. The sphere radius is 15 in. 
The mooring line has a tension of 160 lb. What is the specific weight of the sphere? 

f The mooring line tension ( T ) and sphere weight (W) act downward on the sphere, while the buoyant force 
(F b ) acts upward. E F y = 0; F b - T - W = 0, 64.0[(§)(;r)({§) 3 ] - 160 - (y sphe „)[(|)(nr)0§) 3 ] = 0, y, phere = 

44.4 lb/ft 3 . 

6.25 If the total weight of the hydrometer in Fig. 6-10 is 0.035 lb and the stem diameter is 0.35 in, compute the 
elevation h for a fluid of specific gravity 1.4. 

f Let AV = submerged volume between s.g. = 1 and s.g. = 1.4, V»= submerged total volume when s.g. = 1.0, 
y = specific weight of pure water, and W = weight of hydrometer. W = yV„ = (s.g.)(y)(VJ, — A V) = 

( s -g )(y)(Yo) - (s.g.)(y)(AV). Since (y)(V 0 ) = W and AV = hA = h(nd 2 /4), W = (s.g.)(W) - 

(s g )(y)[(*)M 2 /4)], 0.035 = (1.4)(0.035) - (1.4)(62.4)[(A)(nr)(0.35/12) 2 /4], h =0.240 ft, or 2.88 in. 



6.26 For the hydrometer of Fig. 6-10, derive a formula for float position h as a function of s.g., W, d, and the specific 
weight y of pure water. Are the scale markings linear or nonlinear as a function of s.g.? 

I From Prob. 6.25, W = (s.g.)(W) - (s.g.)(y)[(/t)(jrd 2 /4)]. 

(s.g.)(W) - W (W)(s.g. - 1) 

(s.g.)(y)(^ 2 /4) (s.g.)(y)M 2 /4) 

When plotted in Fig. 6-11 (in arbitrary units), it is slightly nonlinear. 


6.27 


A hydrometer weighs of 0.17 N and has a stem diameter of 11 mm. What is the distance between scale markings 
for s.g. = 1.0 and s.g. = 1.1? Between 1.1 and 1.2? v 

f Let A, = distance between markings for s.g. = 1.0 and s.g. = 1.1 and h 2 = distance between scale markings 
for s.g. = 1.1 and s.g. = 1.2. From Prob. 6.26, 


h = 


(W)(s.g. -1) 

(s-g-)(y)(^ 2 /4) 

hi + h 2 = 


hi = 


(0.17)(1.1 — 1) 


1.1[(9.79)(1000)][(jt)(0.011) 2 /4] 
0.17(1.2-1) 


= 0.0166 m or 16.6 mm 


1.2[(9.79)(1000)][(jt)(0.011) 2 /4] 

h 2 = 30.5 - 16.6 = 13.9 mm 


= 0.0305 m or 30.5 mm 
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s '9* Fig. 6-11 


6.28 A square pole (s.g. = 0.68), 80 mm by 80 mm by 6 m long, is suspended by a wire so that 4 m is submerged in 
water and 2 m is above the surface. What is the tension in the wire? 

f Tension ( T ) and buoyant force (F b ) act upward on the pole, while pole weight (W) acts downward. E F y = 0; 
T + F b -W = 0,T + 9.79[(0.080)(0.080)(4)] - [(0.68)(9.79)][(0.080)(0.080)(6)] = 0, T = 0.00501 kN, or 5.01 N. 

6.29 The spar in Fig. 6-12 is wood (s.g. = 0.62), 2 in by 2 in by 10 ft, and floats in sea water (s.g. = 1.025). How many 
pounds of steel (s.g. = 7.85) should be attached to the bottom to make a buoy that floats with exactly /i = 1.5 ft 
of the spar exposed? 

I K P ar = (n)(^)(10) = 0.2778 ft 3 V 5Ubmergcd = (£)(fl)(8.5) = 0.2361 ft 3 

= W Mcel /[(7.85)(62.4)] = 0.002041W stccl F b = W wood + W st „, 

t(1.025)(62.4)](0.2361 + 0.002041W steel ) = [(0.62)(62.4)](0.2778) + W slccl W stcel = 5.01 lb 


Fig. 6-12 

6.30 A right circular cone is 50 mm in radius and 170 mm high and weighs 1.5 N in air. How much force is required 
to push this cone vertex-downward into ethanol so that its base is exactly at the surface? How much additional 
force will push the base 6.5 mm below the surface? 

# Downward force (F) and cone weight (W) act downward on the cone, while buoyant force (F b ) acts upward. 
E F y = 0; F b - F - W = 0, [(0.79)(9.79)(1000)]{(jr)(0.050) 2 (0.170)/3] - F - 1.5 = 0, F = 1.94N. Once the cone 
is fully submerged, Fis constant at 1.94 N. 

6.31 A 2-in by 2-in by 10-ft spar has 7 lb of steel weight attached (Fig. 6-12); the buoy has lodged against a rock 7 ft 
deep, as depicted in Fig. 6-13. Compute the angle 0 at which the buoy will lean, assuming the rock exerts no 
moment on the buoy. 

I From Prob. 6.29, F Ipar = 0.2778 ft 3 . W wood = [(0.62)(62.4)](0.2778) = 10.75 lb and F„ = 62.4[(^)(^)(L)] = 
1.733L. W vood acts downward at a distance of 5 sin 6 to the right of A, and F b acts upward at a distance of 
(L/2)(sin Q) to the right of A; while the steel force passes through point A. Hence, E M A = 0, 10.75(5 sin 0) - 
(1.733L)[(L/2)(sin 0)] = 0, L = 7.876 ft; cos 0=7 /L = 7/1.816 = 0.88878, 0 = 27.3°. 

6.32 The submerged brick in Fig. 6-14 is balanced by a 2.54-kg mass on the beam scale. What is the specific weight of 
the brick, if it displaces 2.197 liters of water? 
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I F = mg = (2.54)(9.81) = 24.92 N. Upward force (F) and buoyant force (F h ) act upward on the brick, while its 
weight (W) acts downward. E F y = 0; F„ + F - W = 0, [(9.79)(1000)](2.197 x 1(T 3 ) + 24.92 - W = 0, W = 

46.43 N; y = 46.43/(2.197 X 10“ 3 ) = 21133 N/m 3 , or 21.13 kN/m 3 . 



2.54 kg 


Fig. 6-14 


6.33 The balloon in Fig. 6-15 is filled with helium pressurized to 111 kPa. Compute the tension in the mooring line. 

I y = p/RT; y air = [(101)(1000)]/[(29.3)(273 + 20)] = 11.76 N/m 3 , y„ e = [(111)(1000)]/[(212.0)(273 + 20)] = 
1.787 N/m 3 . Weight of helium (W) and tension in mooring line (T) act downward on the balloon, while buoyant 
force (F h ) acts upward. E F y = 0; F b - W - T = 0, 11.76[(|)(jt)( 1) 3 ] - 1.787[(|)(n:)(|) 3 ] - T = 0, T = 3807 N. 



6J4 A 1.1-ft-diameter hollow sphere is made of steel (s.g. = 7.85) with 0.015-ft wall thickness, ^iow deep will the 
sphere sink in water (i.e., find h in Fig. 6-16)? How much weight must be added inside to make the sphere 
neutrally buoyant? 

f F b = W = weight of displaced water = y[(jv/3)(h) 2 (3r - h )] 

= 62.4{(nr/3)(/ I 2 )[(3)(¥) - A)]} = 107.8 /j 2 - 65.35 h 3 
w = (y st ee.)(K««>) y s ,eel = (7.85)(62.4) = 489.8 lb/ft 3 
Y«eei = (i)(*)(¥) 3 - (g)(zr) {[1.1 - (2)(0.01500)]/2) 3 = 0.05548 ft 3 
W = (489.8)(0.05548) = 27.17 lb 107.8 h 2 - 65.35ft 3 = 27.17 
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Two roots of this equation are complex. The other, obtained by trial and error, is h = 0.643 ft. For neutral 
buoyancy, the total weight of the sphere plus added weight must equal the weight of water displaced by the 
entire sphere. Hence, 27.17 + W added = 62.4[(f)(jr)( i r) 3 ]> Wadded = 16.32 lb. 



d = 1.1 ft 

t = 0.015ft 


Submerged volume: y h v3r-h) pig 5.15 


6.35 When a 6-lb weight is placed on the end of a floating 5-in by 5-in by 10-ft wooden beam, the beam tilts at 1.6° 
with the weight at the surface, as shown in Fig. 6-17. What is the specific weight of the wood? 

f tan 1.6° = h/10 h= 0.2793 ft V wood = (£)(lk)(10) = 1.736 ft 3 

F„ = W= 62.4[1.736 - (|)(0.2793)(^)(10)] = 72.02 lb 

W = (y wood )(1.736) + 6 72.02 = (y wood )(1.736) + 6 y wood = 38.0 lb/ft 3 



6.36 A wooden beam (s.g. = 0.64) is 140 mm by 140 mm by 5 m and is hinged at A, as shown in Fig. 6-18. At what 
angle 0 will the beam float in water? 

f The forces acting on the beam are shown in Fig. 6-18. = [(0.64)(9.79)][(0.140)(0.140)(5)] = 0.6140 kN 

and F b = 9.79[(0.140)(0.140)(L)] = 0.1919L. EM, = 0; (0.1919L)[(5 - L/2)(cos 0 )] - (0.6140)[(|)(cos 0)] = 0, 
—0.0960L 2 + 0.9595L - 1.535 = 0 ,L = 2.000 m; sin 0 = 1/(5 - 2.000) = 0.33333, 0 = 19.5°. 



Fig. 6-18 


6.37 A barge weighs 45 tons empty and is 18 ft wide, 45 ft long, and 9 ft high. What will be its draft When loaded with 
125 tons of gravel and floating in sea water (s.g. = 1.025)? 

I F„ = W [(1.025)(62.4)][(18)(45)(/«)] = (45 +125)(2000) h = 6.56 ft 

6.38 A block of steel (s.g. = 7.85) will “float” at a mercury-water interface as in Fig. 6-19. What will be the ratio of 
distances a and b for this condition? 

f Let w = width of block and L = length of block. F b = W, (y H2 o )(°Lw) + (13.6)(y H2 o)(^* v ) = 

(7.85)(y„ j0 )(a + b)(Lw), a + 13.66 = 7.85a + 7.85b, a/b = 0.839. 
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Fig. 6-19 


6.39 A balloon weighing 3.2 lb is 5.5 ft in diameter. Upon release it is filled with hydrogen at 17 psia and 65° F. At 
what altitude in the standard atmosphere will this balloon be neutrally buoyant? 

f F„ = W y=p/RT y„ = (17)(144)/[(765.5)(460 + 65)] = 0.006091 lb/ft 3 

(yair)[(!)(^)(¥) 3 ] = 3.2 + (0.006091)[(i)(jr)(¥) 3 ] y* = 0.04282 lb/ft 3 

From Table A-7, altitude = approximately 18 600 ft. 

6.40 A rectangular barge 18 ft wide by 46 ft long by 9 ft deep floats empty with a draft of 4 ft in a canal lock 28 ft wide 
by 56 ft long and water depth 7 ft when the empty barge is present. If 170 000 lb of steel is loaded onto the 
barge, what are the new draft of the barge ( h ) and water depth in the lock (//)? 

f The weight of the barge ( W h ) is equal to the buoyant force when the draft is 4 ft. W b = 62.4[(18)(46)(4)] = 

206 669 lb; F„ = W, 62.4[(18)(46)(7i)] = 206 669 + 170 000, h = 7.290 ft. Volume of water in lock = (7)(28)(56) - 
(4)(18)(46) = 7664 ft 3 . After steel is added, (H)(28)(56) - (7.290)(18)(46) = 7664, H = 8.74 ft. 

6.41 A 4 -in-diameter solid cylinder of height 3.75 in weighing 0.85 lb is immersed in liquid (y = 52.0 lb/ft 3 ) contained 
in a tall, upright metal cylinder having a diameter of 5 in. Before immersion the liquid was 3.0 in deep. At what 
level will the solid cylinder float? See Fig. 6-20. 

I Let x = distance solid cylinder falls below original liquid surface, y = distance liquid rises above original 
liquid surface, and x + y = depth of submergence. V A = V B , *[(*)(4) 2 /4] = y[(*)(5) 2 /4] y[( jt)( 4) 2 /4], * = 
0.5625y. F„ = W, 52.0[(jt)(^) 2 /4][(x + y)/12] = 0.85, x + y = 2.248, 0.5625y + y = 2.248, y = 1.44 in, * = 
(0.5625)(1.44) = 0.81 in. TTte bottom of the solid cylinder will be 3.0 — 0.81, or 2.19 in above the bottom of the 
hollow cylinder. 



Fig. 6-20 


6.42 An iceberg in the ocean floats with one-seventh of its volume above the surface. What is its specific gravity 
relative to ocean water? What portion of its volume would be above the surface if ice were floating in pure 
water? H2 o = 64.0 lb/ft 3 . 

^ (^iceberg) submerged (1 7)^iceberg ' - 0.857V iceberg 

^b (yocean H 2 o)(Yj ce b cr g) su t,merged C Y iceberg)(^iceberg) 

S-§-iceberg Viceberg/ Voceanl^O (Yj cc berg)submergcd/iceberg 

= 00.857V iceberg /V iceberg = 0.857 (relative to ocean water) 
yiceberg = (0.857)(64.0) = 54.85 lb/ft 3 s.g. lceberg = 54.85/62.4 = 0.879 (relative to pure water) 

Therefore, 1 — 0.879 = 0.121, or 12.1 percent of its volume would be above the water surface in pure water. 

6.43 A hydrometer consists of an 11-mm-diameter cylinder of length 220 mm attached to a 26-mm-diameter weighted 
sphere. The cylinder has a mass of 1.5 g, and the mass of the sphere is 13.0 g. At what level will this device float 
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in liquids having specific gravities of 0.8,1.0, and 1.2? Is the scale spacing on the cylindrical stem uniform? Why 
or why not? 

I Let y = submerged length of cylinder in millimeters. V sphere = (|)(jr)(f ) 3 = 9203 mm 3 , Submerged cylinder = 
(y)(^r)(“) 2 = 95.03y, F b = W = (s.g.)[(9.79)(1000)/1000 3 ](9203 + 95.03y) = (0.09010)(s.g.) + 
(0.0009303)(s.g.)(y), W = mg = (1.5 + 13.0)(9.81) = 142.2 g • m/s 2 , or 0.1422 N, (0.09010)(s.g.) + 
(0.0009303)(s.g.)(y) = 0.1422, y = [0.1422 - (0.09010)(s.g.)]/[(0.0009303)(s.g.)]. 

For s.g. =0.8 y = [0.1422 - (0.09010)(0.8)]/[(0.0009303)(0.8)] = 94.2 mm 

For s.g. = 1.0 y = [0.1422 - (0.09010)(1.0)]/[(0.0009303)(1.0)] = 56.0 mm 

For s.g. = 1.2 y = [0.1422 - (0.09010)(1.2)]/[(0.0009303)(1.2)] = 30.5 mm 

Scale spacing is not uniform because buoyant force is not directly proportional to submergence. 

6.44 A typewriter weighs 6 lb in water and 8 lb in oil of specific gravity 0.86. Find its specific weight. 

f F b = W, 62.4V' = W — 6, [(0.86)(62.4)](V) = W — 8. Subtracting the second equation from the first gives 
62.4V - [(0.86)(62.4)](V) = -6 - (-8), V = 0.229 ft 3 ; (62.4)(0.229) = W - 6, W = 20.3 lb. y = 20.3/0.229 = 
88.6 lb/ft 3 . 

6.45 A balloon weighs 270 lb and has a volume of 14 900 ft 3 . It is filled with helium, which weighs 0.0112 lb/ft 3 at the 
temperature and pressure of the air, which weighs 0.0807 lb/ft 3 . What load will the balloon support? 

F„ = W (0.0807)(14 900) = 270+ (0.0112)(14 900) +load Load = 766 lb 

6.46 A small cylindrical drum 32 cm in diameter and 52 cm high, weighing 27.0 N, contains perfume (s.g. = 0.83) to a 
depth of 22 cm. (a) When placed in water, what will be the depth y to the bottom of the drum? (6) How much 
perfume can the drum hold and still float? 

f (a) F b = W 9.79[(y)(*0(ii) 2 /4] = 27.0/1000 + [(0.83)(9.79)][(0.22)(;r)(0.32)74] 

y = 0.217 m or 21.7 cm 

(6) 9.79[(0.52)(*)(0.32)74] = 27.0/1000 + [(0.83)(9.79)][(fc)(nr)(0.32)74] h= 0.585 m or 58.5 cm 

Since h = 58.5 cm is greater than the height of the drum (52 cm), the drum will float when full. Therefore, 

= (0.52)(rr)(0.32) 2 /4 = 0.0418 m 3 , or 41.8 L. 

6.47 A block (y = 124 lb/ft 3 ) 1 ft square and 9 in deep floats on a stratified liquid composed of a 7-in layer of water 
above a layer of mercury, (a) Determine the position of the bottom of the block. 

(6) If a downward vertical force of 260 lb is applied to the center of mass of this block, what is the new position 
of the bottom of the block? 

I (a) F b = W. Let * = depth into mercury below water-mercury interface. [(13.6)(62.4)][(1)(1)(*)] + 
62.4[(1)(1)(^)] = (124)[(l)(l)(n)], x = 0.0667 ft, or 0.800 in. ( b ) In this case the top of the block will be below 
the water surface. Hence, [(13.6)(62.4)][(1)(1)(*)] + 62.4[(1)(1)(£ - *)] = 124[(1)(1)(£)] + 260, * = 0.389 ft, or 
4.67 in. 

6.48 Two spheres, each 1.3 m in diameter, weigh 5 kN and 13 kN, respectively. They are connected with a short rope 

and placed in water. What is the tension (T) in the rope and what portion of the lighter sphere protrudes from 
the water? ( 

f For the lower (heavier) sphere, the buoyant force and T act upward and its weight acts downward. Hence, 

E F y = 0, F b = 9.79[(f)(jr)(l.3/2) 3 ] = 11.26 kN, 11.26 + T - 13 = 0, T = 1.74 kN. For the upper (lighter) sphere, 
the buoyant force acts upward and its weight and T act downward. Hence, F b — 5— 1.74 = 0, F b = 6.74 kN. 
Portion above water = (11.26 — 6.74)/11.26 = 0.401, or 40.1 percent of volume. 

6.49 A board weighing 2.2 lb/ft and of cross-sectional area 8 in 2 dips into oil as shown in Fig. 6-21. If the hinge is 
frictionless, find 6. 

f The forces acting on the board are shown in Fig. 6-21. W = (2.2)(11) = 24.2 lb; F b = (53)[(ifg)(jc)] = 2.944*, 

E Af Mnge = 0, (24.2)[(")(sin 0)] - (2.944*)[(11 - */2)(sin 0)] = 0, 1.472* 2 - 32.3&C + 133.1=0;*, = 16.53 ft and 
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x 2 - 5.47 ft. Using x = 5.47 ft (since x = 16.53 ft is impossible for this situation), cos 6 = 5/(11 — 5.47) = 0.90416, 
6 = 25.3°. 



6.50 


A cube 2.2 ft on an edge has its lower half of s.g. = 1.6 and upper half of s.g. = 0.7. It rests in a two-layer fluid, 
with lower s.g. = 1.4 and upper s.g. = 0.8. Determine the height h of the top of the cube above the interface 
(see Fig. 6-22). 

I F b =W 

[(1.4)(62.4)][(2.2)(2.2)(2.2 - h)} + [(0.8)(62.4)]((2.2)(2.2)(A)] 

= [( 1 . 6 )( 62 . 4 )][( 2 . 2 )( 2 . 2 )(¥)] + [( 0 . 7 )( 62 . 4 )][( 2 . 2 )( 2 . 2)(¥)1 

h = 0.917 ft 



Fig. 6-22 


6.51 Determine the volume and density of an object that weighs 4 N in water and 5 N in an alcohol of s.g. 0.80. 

I F b = W [(9.79)(1000)](V objcct ) ^object 4 [(0.80)(9.79)(1000)](V object ) = W object - 5 

Subtracting the second equation from the first gives 9790V objcct - 7832V object = 1, V obj „, = 0.0005107 m 3 . 
[(9.79)(1000)](0.0005107) = W obicct - 4 , W obJcct = 9.000 N; y = 9.000/0.0005107 = 17 623 N/m 3 . 

1 *7 i -t 

P = ~ = = 1796 k S /m3 K = - = — = 0.000557 m 3 /kg 

g 9.81 p l/9o 

6.52 With how many pounds of concrete (y = 25 kN/m 3 ) must a beam of volume of 0.2 m 3 and s.g. = 0.67 be coated 
to insure that it sinks in water? 

I F b = W (9.79)(0.2) + 9.79V concrete = [(0.67)(9.79)](0.2) + 25V concrete V ammt . = 0.04248 m 3 
W concre ,e = (0.04248)(25) = 1.062 kN or 1062 N or 1062/4.448 = 239 lb 

6.53 The gate of Fig. 6-23 weighs 160 lb/ft normal to the page. It is in equilibrium as shown. Neglecting the weight of 
the arm and brace supporting the counterweight, find W (weight in air). The weight is made of concrete, 

s.g. = 2.50. 

f f h = yhA = (62.4)(|)[(6)(1)] = 1123 lb £ M hinge = 0 (1123)(|) - (W)(5 sin 30°) = 0 

W = 898 lb 

This is the submerged weight. 

F b = W 62.4V™, = [(2.50)(62.4)](V™ e ) - 898 V™, = 9.594 ft 3 

W™, = [(2.50)(62.4)](9.594) = 1497 lb 
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Fig. 6-23 


6.54 A wooden pole (s.g. = 0.55), 550 mm in diameter, has a concrete cylinder (s.g. = 2.50), 550 mm long and of the 
same diameter, attached to one end. Determine the minimum length of pole for the system to float vertically in 
static equilibrium. 

f The system will float at minimum length of wooden cylinder as shown in Fig. 6-24. F b = W, 

(y)(A)(L + 0.550) = [(0.55)(y)](L)(A) + [(2.50)(y)](A)(0.550), L = 1.833 m. 


r 

L 

i 

550mm 

T 


s.g. = 0.55 


s.g.=2.50 



550 mm 
diameter | 


SL 


Fig. 6-24 


6.55 


A hydrometer weighs 0.040 N and has a stem 7 mm in diameter. Compute the distance between specific gravity 
markings 1.0 and 1.1. 

f From Prob. 6.26, 


h = 


(WQ(s-g.-l) (0.040)(1.1 — 1) 

(s.g.)(y)(jrd 2 /4) (1.1)[(9.79)(1000)][(ar)(0.007) 2 /4] 


= 0.0097 m or 9.7 mm 


6.56 


What is the weight of the loaded barge in Fig. 6-25? The barge is 7 m in width, 
f F„ = W 9.79{(7)[(14)(2.4) + (2)(2.4)(2.4)/2]} = W W = 2359 kN 



Fig. 6-25 


6.57 In Fig. 6-26, a wedge of wood having specific gravity 0.66 supports a 160-lb mermaid (not shown). The wedge is 
3 ft in width. What is depth d? 

f The 160-lb force and the weight of the wood (W) act downward on the wedge, while the buoyant 
force (F b ) acts upward. £ F y = 0, F b - 160 - W = 0, 62.4[(2)(3)(d)(d tan 30°)/2] - 160 - 
[(0.66)(62.4)]{(2)(3)(l)[(l)/tan 30°]/2} = 0, d - 2.44 ft. 

6.58 The tank in Fig. 6-27 is filled brimfull with water. If a cube 700 mm on an edge and weighing 530 N is lowered 
slowly into the water until it floats, how much water flows over the edge of the tank? Neglect sloshing, etc. 

f F b = W. Let h = the depth to which the cube will sink in the water. [(9.79)(1000)][(0.700)(0.700)(/»)] = 530, 
>i=0.120 m, VdupiKed = [(0.700)(0.700)(0.120)] = 0.0588 m 3 . This is the amount of water that will overflow. 
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6.59 



Fig. 6-26 



Fig. 6-27 


A stone cube 280 mm on a side and weighing 425 N is lowered into a tank containing a layer of water over a 
layer of mercury. Determine the position of the block when it has reached equilibrium. 

f Ye*)* = 425/(0.280) 3 = 19.360 kN/m 3 . Since the cube is heavier than water but lighter than mercury, it will 
sink beneath the water surface and come to rest at the water-mercury interface, as shown in Fig. 6-28. F b = W, 
9.79[(0.280)(0.280)(0.280 - x)] + [(13.6)(9.79)][(0.280)(0.280)(*)] = 0.425, * = 0.0217 m, or 21.7 mm. Thus, the 
bottom of the cube will come to rest 21.7 mm below the water-mercury interface. 



Fig. 6-28 


6.60 An iceberg (y = 9 kN/m 3 ) floats in ocean water (y = 10 kN/m 3 ) with 3000 m 3 of the iceberg protruding above 
the free surface. What is the volume of the iceberg below the free surface? 

f F b = W 10000V below = 9000(V betow + 3000) = 27 000 m 3 

6.61 A rectangular tank of internal width 7 m, partitioned as shown in Fig. 6-29, contains oil and water, (a) If the 
oil’s specific gravity is 0.84, find its depth h. ( b ) If a 900-N block of wood is floated in the oil, what is the rise in 
free surface of the water in contact with air? 

# (<*) Pm tm + [ (0.84)(9.79)](/t) + (9.79)(3) - (9.79)(4) = p Itm , h = 1.190 m. (b) Let h' — the new value of h with 
the 900-N block in flotation. Since the volume of oil does not change, (1.190)(0.5)(7) = (/i')(0.5)(7) — 
900/[(0.84)(9.79)(1000)], h' = 1.221 m. If the oil-water interface drops by a distance 8, the free surface of 
water with air will rise by 8/2. p Mm + [(0.84)(9.79)](1.221) + 9.79(3 - 8) - 9.79(4 + 6/2) = p atm , 8 = 0.01709 m, 
or 17.09 mm. The free surface of the water will rise by 17.09/2, or 8.54 mm. 


T 

h 


3m 



Fig. 6-29 
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6.62 A balloon is filled with 3000 m 3 of hydrogen having specific weight 1.1 N/m 3 . What lift does the balloon exert 
(a) at the earth’s surface, if the balloon weighs 1400 N and the temperature is 15 °C; (6) at an elevation of 
10 km, assuming that the volume has increased 6 percent? 

f From Table A-8, y air = 12.01 N/m 3 at elevation 0 and 4.04 N/m 3 at elevation 10 000 m. E F y = 0, 

Fb — Wbauoon — W H = 0. 

(a) (12.01)(3000) — 1400 — (1.1)(3000) — lift = 0 Lift = 31330N or 31.33 kN 

(b) 4.04[(1.06)(3000)] — 1400 — (1.1)(3000) — lift = 0 Lift = 8147 N or 8.15 kN 

6.63 A wooden rod weighing 4 lb is hinged at one end (Fig. 6-30). The rod is 9 ft long and uniform in cross section, 
and the support is 4 ft below the free surface of a freshwater pond. At what angle a will it come to rest when 
allowed to drop from a vertical position? The cross section of the stick is 1.4 in 2 in area. 

f The forces acting on the beam are shown in Fig. 6-30. 

F b = 62.4[(9 - e)(l.4/144)] = 5.460 - 0.6067e = 0 

4(4.5 cos nr) - (5.460 - 0.6067e)[(9 - e)/2](cos a) = 0 -0.303e 2 + 5.46e - 6.57 = 0 e = 1.297 ft 

sin nr = 4/(9 - e) = 4/(9 - 1.297) = 0.51928 or = 31.3° 

_SL 


A Fig. 6-30 

6.64 A block of wood having a volume of 0.034 m 3 and weighing 300 N is suspended in water as shown in Fig. 6-31. 

A wooden rod of length 3.4 m and cross section of 2000 mm 2 is attached to the weight and also to the wall. If 
the rod weighs 16 N, what will angle 0 be for equilibrium? 

I (F b ) block = [(9.79)(1000)](0.034) = 333 N (F„) rod = [(9.79)(1000)][(AC)(2000/10 6 )] = 19.58AC N 

333(3.4 cos 0) + (19.58AC)[(AC/2) + CrosO/sin 0](cos 0) - 300(3.4 cos 0) - (16)(3.4/2)(cos 0) = 0 

AC = 3.4 — (t 5 ob)/sin 0 

333(3.4 cos 0) + 19.58[3.4 - (^)/sin 0] 

x {[3.4 - (t®g)/sin 0]/2 + (#&)/sin 0}(cos 0) - 300(3.4 cos 0) - (16)(3.4/2)(cos 0) = 0 
4.341 = [3.4 - ®/sin 0][1.7OO + (^)/(2 sin 0)] 4.341 = 5.780 - 0.048/sin 2 0 

sin 2 0 = 0.033357 sin 0 = 0.18264 0 = 10.5° 




Fig. 6-31 























BUOYANCY AND FLOTATION 0 123 


6.65 A barge with a flat bottom and square ends has a draft of 6.0 ft when fully loaded and floating in an upright 
position, as shown in Fig. 6-32a. The center of gravity ( CG) of the barge when fully loaded is on the axis of 
symmetry and 1.0 ft above the water surface. Is the barge stable? If it is stable, what is the righting moment 
when the angle of heel is 12°? 

f MB = l IV d = [(42)(25) 3 /12]/[(25)(42)(6)] = 8.68 ft. Therefore, the metacenter (me) is located 8.68 ft above 
the center of buoyancy ( CB ), as shown in Fig. 6-326. Hence, it (the metacenter) is located 8.68 — 3 — 1, or 
4.68 ft above the barge’s center of gravity and the barge is stable. The end view of the barge when the angle 
of heel is 12° is shown in Fig. 6-32c. Righting moment = (F b )(x), F b = 62.4[(25)(42)(6)] = 393120 lb, 
x = (sin 12°)(distance from me to CG) = (sin 12°)(4.68) = 0.973 ft, righting moment = (393120)(0.973) = 
3825001b ft. 
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Fig. 6-32(6) 
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Fig. 6-32(c) 


6.66 Would the wooden cylinder (s.g. = 0.61) in Fig. 6-33a be stable if placed vertically in oil as shown in the figure? 

f The first step is to determine the submerged depth of the cylinder when placed in the oil. F b = W, 
[(0.85)(9.79)][(Z>)(jt)( 0.666)74)] = [(0.61)(9.79)][(1.300)(jr)(0.666) 2 /4)], D = 0.9333 m. The center of buoyancy 
is lo cated at a distance of 0.933/2, or 0.466 m from the bottom of the cylinder (see Fig. 6-33 b). 

MB = I/V d = [(a)( 0.666)“/64]/[(0.933)(jr)(0.666) 2 /4] = 0.030 m. The metacenter is located 0.030 m above the 
center of buoyancy, as shown in Fig. 6-336. This places the metacenter 1.300/2 - 0.466 - 0.030, or 0.154 m 
below the center of gravity. Therefore, the cylinder is not stable. 



Fig. 6-33(a) 
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Fig. 6-33(6) 


6.67 Figure 6-34u shows the cross section of a boat. The hull of the boat is solid. Show if the boat is stable or not. If 
the boat is stable, compute the righting moment when the angle of heel is 10°? 

I MB = I/V d = [(20)(10) 3 /12]/[(10)(5)(20)] = 1.67 ft. Therefore, the metacenter is located 1.67 - 0.5, or 1.17 ft 
above the center of gravity, as shown in Fig. 6-34 b, and the barge is stable. The end view of the barge when the 
angle of heel is 10° is shown in Fig. 6-34c. Righting moment = (F fc )(x), F b = 62.4[(10)(5)(20)] = 62 400 lb, 
x = (sin 10°)(1.17) = 0.203 ft, righting moment = (62 400)(0.203) = 12 670 lb • ft. 


(a) Top view 


( b ) End view 




-10 ft- 


20 fl 


Ifl 


Water 


5 ft 


Fig. 6-34(a) 
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Fig. 6-34(o) 



Fig. 6-34(c) 

A solid wood cylinder has a diameter of 2.0 ft and a height of 4.0 ft. The specific gravity of the wood is 0.60. If 
the cylinder is placed vertically in oil (s.g. = 0.85), would it be stable? 

I F b = W, [(0.85)(62.4)][(Z>)(jt)(2) 2 /4] = [(0.60)(62.4)][(4)(*)(2)74], D = 2.82 ft. The center of buoyancy is 
located at a distance of 2.82/2, or 1.41 ft from the bottom of the cylinder (see Fig. 6-35). MB = I/V d = 
[(jt)(2) 4 /64]/[(2.82)(;t)( 2) 2 /4] = 0.09 ft. The metacenter is located 2 —1.41 - 0.09, or 0.50 ft below the center of 
gravity, as shown in Fig. 6-35. Therefore, the cylinder is not stable. 
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Oil (s.g. 



Fig. 6-35 

6.69 A wood cone floats in water in the position shown in Fig. 6-36n. The specific gravity of the wood is 0.60. Would 
it be stable? 

I The center of gravity is located t, or 2.50 in from the base of the cone or 7.50 in from the tip, as shown in 
Fig. 6-36 b. W conc = [(0.60)(62.4)][(10)(jt)( 7)712]/1728 = 2.779 lb. Let * = submerged depth. 

D x = 0.700x V d = (x)(Tc)(D x fl\2 = (x)(;r)(0.70Q*) 2 /12 = 0.1283* 3 

F„ = W 62.4(0.1283* 3 ) = 2.779 *=0.703 ft or 8.44 in 

£>, = (0.700X8.44) = 5.91 in V d = (0.1283)(0.703) 3 = 0.0446 ft 3 or 77.1 in 3 

MB = I/V d = [(jt)( 5.91)764]/77.1 = 0.78 in 

The metacenter is located 0.78 in above the center of buoyancy. Hence, the metacenter is located 
7.50 - 6.33 - 0.78, or 0.39 in below the cone’s center of gravity, and the cone is not stable. 

6.70 A block of wood 6 ft by 8 ft floats on oil of specific gravity 0.751. A clockwise couple holds the block in the 
position shown in Fig. 6-37. Determine the (a) buoyant force acting on the block and its position, 

( b ) magnitude of the couple acting on the block, and (c) location of the metacenter for the tilted position. 

f (a) F b = W = [(0.751)(62.4)][(10)(4 4- 4)(4.618)/2] = 8656 lb. F b acts upward through the center of gravity O' 
of the displaced oil. The center of gravity lies 5.333 ft from A and 1.540 ft from D, as shown in Fig. 6-37. 

AC = AR + RC = AR + LO' = (5.333)(cos 30°) + (1.540)(sin 30°) = 5.388 ft. Hence, the buoyant force of 
8650 lb acts upward through the center of gravity of the displaced oil, which is 5.388 ft to the right of A. 

(b) One method of obtaining the magnitude of the righting couple (which must equal the magnitude of the 
external couple for equilibrium) is to find the eccentricity e. This dimension is the distance between the two 
parallel, equal forces W and F b , which form the righting couple, e = FC = AC — AF, AF = AR + RF = 
(5.333)(cos 30°) + GR sin 30° = 4.619 + (0.691)(sin 30°) = 4.964 ft, e = 5.388 - 4.964 = 0.424 ft; couple = 
(8656)(0.424) = 3670 ft • lb. 

(c) Metacentric distance MG = MR — GR = RC/sin 30° — GR = 0.770/sin 30° — 0.691 = 0.85 ft 



Fig. 6-36(fr) 
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A. 



All Hg. 6-37 

6.71 A rectangular scow 7 ft by 18 ft by 32 ft long; its load of garbage has its center of gravity 2 ft above the 
waterline, as shown in Fig. 6-38. Is the scow stable for this configuration? 

f MB = UV d = [(32)(18) 3 /12]/[(5)(18)(32)] = 5.40 ft. The metacenter is located 5.40 ft above the center of 
buoyancy, which is 2.5 ft above the bottom of the scow. Hence, the metacenter is located at 5.40 — 4.5, or 
0.90 ft above the center of gravity, and the scow is stable. 



6.72 


In Fig. 6-39, a scow 20 ft wide and 60 ft long has a gross weight of 225 tons. Its center of gravity is 1.0 ft above 
the water surface. Find the metacentric height and restoring couple when Ay = 1.0 ft. 

f F b = W, 62.4[(60)(20)(/t)[ = (225)(2000), h = 6.01 ft. To locate CB', the center of buoyancy in the tipped 
position, take moments about AB and BC. (6.01)(20)(x) = (6.01 - 1.0)(20)(10) + [(1.0 + 1.0)(20)/2](x), 
x = 9.45 ft; (6.01)(20)(y) = (6.01 - 1.0)(20J[(6.01 - 1.0)/2] + [(1.0 + 1.0)(20)/2][(6.01 - 1.0) + (1.0 +1.0)/3], 
y = 3.03 ft. By similar triangles AEO and CB'PM, 


Ay CB'P 1.0 10-9.45 

b/2~ MP 20/2“ MP 


MP = 5.50 ft 


CG is 6.01 + 1.0, or 7.01 ft from the bottom. Hence, CGP = 7.01 - 3.03 = 3.98 ft, MCG = MP - CGP = 
5.50 — 3.98 = 1.52ft. The scow is stable, since MCG is positive. Righting moment = W(MCG) sin 0 = 
[(225)(2000)](1.52)[1/V(f ) 2 + 1.0 2 ] = 68 060 ft • lb. 



6.73 What are the proportions of radius to height ( r 0 /h ) of a right-circular cylinder of specific gravity s.g. so that it 
will float in water with end faces horizontal in stable equilibrium? 
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f See Fig. 6-40. 

h G = h/ 2 h B = hJ2 F b = W y(h x Jtrl) = [(s.g.)(y)](forr;j) h x = (s.g.)(6) 

h B = (s.g.)(/i)/2 MG = MB - GB 
MB = I/V d = (n:ri/4)/(h 1 Jirl) = rg/(4/* x ) = /o/[(4)(s.g.)(6)] 

GB = h G — h B — h/2 - (s.g.)(A)/2 = (6)(1 - s.g.)/2 MG = r 2 [(4)(s.g.)(/i)] - (A)(l - s.g.)/2 
For stable equilibrium, MG 2 O, in which case ro/[(4)(s.g.)(6)] (/i)(l - s.g.)/2, r 0 /6 > V(2)(s.g.)(l - s.g.). 
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Fig. 6-40 


6.74 The plane gate in Fig. 6-41a weighs 2.1 kN/m normal to the paper, and its center of gravity is 2 m from the 

hinge at O. (a) Find h as a function of 0 for equilibrium of the gate, (b) Is the gate in stable equilibrium for any 
values of 0? 

f Consider a unit width of gate, as shown in Fig. 6-416. 

(а) F - yhA F x = [(9.79)(1000)](/i/2)(6/sin 0) = 48956 2 /sin 0 £m o = 0 

(4895/* 2 /sin 0)[(6/sin 0)/3] - 2100[(|)(cos 0)] =0 h 3 = 2.574 sin 2 0 cos 0 h = 1.370(sin 2 0 cos 0) ,/3 

(б) From part (a) E M 0 = (1632/i 3 )/sin 2 0 — 4200 cos 0, dM/dd = —3264/i 3 sin -3 0 cos 0 + 4200 sin 0. 
Substituting 6 = 1.370(sin 2 0 cos 0) 1/3 [from part (a)], dM/dd = — (3264)(1.370) 3 (cos 2 0/sin 0) + 4200 sin 0 = 

—(8393)(cos 2 0/sin 0) + 4200 sin 0. For stability, dM/dd < 0, in which case 4200 sin 0 < 8393(cos 2 0/sin 0), 
0.500 sin 0 <cos 2 0/sin 0, tan 2 0 < (1/0.500 = 2.00). This occurs for 0 £ 54.7° (upper limit). For the lower limit 
(when water spills over the top of the gate), h = 4 sin 0, E M 0 = (1632/i 3 )/sin 2 0 — 4200 cos 0. Substituting 

h = 4 sin 0, E M 0 = 1632(4 sin 0) 3 /sin 2 0 — 4200 cos 0 = 104 448 sin 0 — 4200 cos 0. In this case, E M 0 = 0, 
tan 0 = 4200/104448 = 0.040211, 0 = 2.3°. Thus for stable equilibrium, 0 must be between 2.3° and 54.7°. 



Fig. 6-41(a) 



Fig. 6-41(6) 


6.75 The barge shown in Fig. 6-42 has the form of a parallelopiped having dimensions 10 m by 26.7 m by 3 m. The 

barge weighs 4450 kN when loaded and has a center of gravity 4 m from the bottom. Find the metacentric height 
for a rotation about its longest centerline, and determine whether or not the barge is stable. 

f First, find the center of buoyancy of the barge. F b = W, 9.79[(10)(26.7)(D)] = 4450, D = 1.70 2 m. Hence, the 
center of buoyancy (CB) is at a distance 1.702/2, or 0.851 m above the bottom of the barge. MB = I/V d = 
[(26.7)(10) 3 /12]/[(10)(26.7)(1.702)] = 4.896. The distance from CB to CG is 4 - 0.851, or 3.149 m. Therefore, 
the metacenter is located 4.896 — 3.149, or 1.747 m above the CG, and the barge is stable. 
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Fig. 6-42 


6.76 A plastic cube of dimension L and specific gravity 0.82 floats in water. Is the cube stable? 

f The cube’s center of gravity is at 0.5L above its bottom. If the cube has a s.g. = 0.82, it wi ll float at a 
submerged depth of 0.82L, and its center of buoyancy will be at 0.41L above its bottom. MB - I/V d = 
[(L)(L) 3 /12]/[(L)(L)(0.82L) = 0.1016L. Therefore, the metacenter is located 0.1016L above the center of 
buoyancy and 0.I016L + 0.41L — 0.5 L, or 0.0116L above the center of gravity, and the cube is stable (although 
just barely). 

6.77 For the cube specified in Prob. 6.76, determine the range of values of specific gravity between 0 and 1.0 for 
which the cube is stable. 

f The cube’s center of gravity is at 0.5L above its bottom. For any specific gravity s.g., the cube will float at a 
subm erged depth of (s.g.)(L), and its center of buoyancy will be at (s.g.)(L)/2 above its bottom. 

MB = I/V d = [(L)(L) 3 /12]/{(L)(L)[(s.g.)(L)]} = 0.08333L/(s.g.). Therefore, if the cube is stable, the 
metacenter must be located 0.08333L/(s.g.) above the center of buoyancy and 0.08333L/(s.g.) + (s.g.)(L)/2 - 
0.5L above the center of gravity. For this to occur, 0.08333L/(s.g.) + (s.g.)(L)/2 — 0.5 L > 0, (s.g.) 2 /2 — 
(0.5)(s.g.) + 0.08333 > 0. This condition is true (i.e., the cube is stable) for s.g. > 0.789 and s.g. < 0.211. 





CHAPTER 7 

Kinematics of Fluid Motion 


7.1 A nozzle with base diameter 75-mm and a 35-mm-diameter tip discharges 12 L/s of fluid. Derive an expression 
for fluid velocity along the nozzle’s axis. Measure distance x along the axis from the plane of the larger 
diameter. 

f Let L = length of nozzle and D = diameter of nozzle at any point. D = — ^)(x/L) = 0.075 — 

0.040 x/L, v = Q/A = 0.012/[n;(0.075 - 0.040x/L) 2 /4] = 1.528/(0.70 - 0.40 x/L) 2 . Note: x and L in millimeters 
gives v in m/s. 

7.2 What angle a of jet is required to reach the roof of the building in Fig. 7-1 with minimum jet velocity v 0 at the 
nozzle? What is the value of v 0 l 

f d 2 yldt 2 = —g, dy/dt = —gt + c,. At t = 0, dy/dt = v 0 sin ex. Therefore, c, = v 0 sin ex, and dy/dt = —gt + 
v 0 sin a, y = —gt 2 /2 + tv 0 sin a + c 2 . At t = 0, y = 0. Therefore c 2 = 0, and y = —gt 2 /2 + tv 0 sin ex, L = tv 0 cos ex, 
t = L/(u 0 cos <*)• 

H = -g[L/(v a cos a)] 2 /2 + [L/(v 0 cos ar)](u 0 sin a) ( 1 ) 

Let F = gL 2 /(2vl). Then, from Eq. (1), F = (cos a)(L sin a — H cos a) = L cos a sin or — H cos 2 a. Find 
maximum F for minimum v 0 . 

dF/da = L(cos 2 a — sin 2 or) + 2 H sin ex cos ex = 0 2H/L = —(cos 2 a — sin 2 ar)/(sin a cos a) = —2 cot 2 a 

(2)(28)/24 = -2 cot 2 a a = 69.7° 

Substituting into Eq. (1), 28= -(9.807)(24/(u 0 cos69.7°)] 2 /2 + [24/(u 0 cos69.7°)](v 0 sin 69.7°), u 0 = 25.2 m/s. 



Given the velocity field, Y(ac, y, z, t ) = (5ry 2 + f)l + (2z + 8)j + 18k m/s, with x, y, z in meters and t in seconds. 
Calculate V(9, —2,1,4). What is the magnitude of this velocity? 

f V = [(5)(9)(-2) 2 + 4]i + [(2)(l) + 8]j + 18k=184i+10j + 18k m/s 

|V| = Vl84 2 + 10 2 + 18 2 = 185 m/s 

Note: Boldface letters are used herein and hereafter to denote vectors. 


The velocity components in a flow of fluid are specified as v x = 4xt + y 2 z + 14 m/s, v y = 2 xy 2 + t 2 + y m/s, and 
u 2 = 3 + 2fy m/s, where x, y, and z are given in meters and t in seconds. What is the velocity vector at 
(2,4,3) m at time t = 4 s? What is the magnitude of this vector at this point and time? 

| Y = [(4)(2)(4) + (4) 2 (3) + 14]i + [(2)(2)(4) 2 + 4 2 -I- 4] j + [3 + (2)(4)(4)]k = 941 + 84j + 35k m/s 

|V| = V94 2 + 84 2 + 35 2 = 131 m/s 


132 


Given the velocity field V = (5x)i + (15y + ll)j + (19t 2 )k m/s, determine the path of a particle which is at 
(4,6,2) m at time t = 3 s. 
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I v x = dx/dt = 5x (1) 

v y = dy/dt = 15y + 11 (2) 

v 2 = dz/dt = 19f* (3) 

From ( 1 ), dx/x = 5 dt, In* = 5f + c t . At t = 3, * = 4. Hence, In 4 = (5)(3) + c,, Cj = —13.6. 

lnx = 5t — 13.6 (4) 

From (2), dy/(15y + 11) = dt, In (15y + 11) = 15f + c 2 . At t = 3, y = 6. Hence, In [(15)(6) +11] = (15)(3) + c 2 , 
c 2 = —40.4. 

In (15y + 11) = 15t - 40.4 (5) 

From (3), dz = 19f 2 dt, z = 19f 3 /3 + c 3 . At t = 3, z = 2. Hence, 2 = (19)(3) 3 /3 + c 3 , c 3 = —169. 

z = 19r 3 /3 - 169 (6) 

Add Eqs. (4) and (5) to get 

In* + In (15y + 11) = 20t — 54.0 (7) 

Solve for t in Eq. (6): t — [(z + 169)(^)] 1/3 . Substitute this value of t into Eq. (7): In * + In (15y + 11) = 

20[(z + 169)(^)] ,/3 - 54.0, In [(*)(15y + 11)] = 10.81(z 4-169) 1/3 - 54.0. 

7.6 An incompressible ideal fluid flows at 0.5 cfs through a circular pipe into a conically converging nozzle, as shown 
in Fig. 7-2. Determine the average velocity of flow at sections A and B. 

f As a first step, an approximate flow net is sketched to provide a general picture of the flow. Since this is an 
axially symmetric flow, the net is not a true two-dimensional flow net. At section A, the streamlines are parallel; 
hence, the area at right angles to the velocity vectors is a circle. Thus, v A = Q/A a = 0.5/[(jt)(^) 2 /4] = 1.43 ft/s. 
At section B, however, the area at right angles to the streamlines is not clearly defined; it is a curved, 
dish-shaped section. As a rough approximation, it might be assumed to be the portion of the surface of a sphere 
of radius 2.0 in that is intersected by a circle of diameter 2.82 in. v B = Q/A B = Ql(2nrh) - 
0.5/[(2)(jt)(*)(0.59/12)] = 9.71 ft/s. 





7.7 Water flows at 6 gal/min through a small circular hole in the bottom of a large tank. Assuming the water in the 
tank approaches the hole radially, find the velocity in the tank at 2,4, and 8 in from the hole. 

f The area through which flow occurs is a hemispherical surface, with A = 2xr z . Q = 6/[(7.48)(60)] = 

0.01337 ft 3 /s, v = Q/A. At 2 in from the hole, v = 0.01337/[(2)(ar)(^) 2 ] = 0.0766 ft/s. At 4 in from the hole, 
v = 0.01337/[(2)(;r)(£) 2 ] = 0.0192 ft/s. At 8 in from the hole, v = 0.01337/[(2)(?r)(£) 2 ] = 0.00479 ft/s. 




134 0 CHAPTER 7 


7.8 Given the eulerian velocity-vector field V(x, y, z, t) = 3fi + xzj + fy 2 k, find the acceleration of a particle. 


dV 3V I dV 3V 3V\ „ , 

= —+ 1 U— + V — +W—) u = it v=xz w = ty 

3t \ 3x 3y 3z) 7 


dt 

3V . 3u .dv . 3w „ 3V . 3V „ , 3V . 

— = i — + j — + k — = 3i+y 2 k — = zj — = 2tyk — = xj 
dt dt * dt dt 7 ‘3x J dy 7 dz * 


dV 

dt 


= (3i + y z k) + (3r)(zj) + (xz)(2tyk) + (fy 2 )(;cj) = 3i + (3 tz + tcy 2 )j + (y 2 + 2xyzt)k 


If V is valid everywhere as given, this acceleration applies to all positions and times within the flow field. 


7.9 Row through a converging nozzle can be approximated by a one-dimensional velocity distribution u = u(x). For 
the nozzle shown in Fig. 7-3, assume the velocity varies linearly from u = v 0 at the entrance to u = 3v 0 at the 
exit: u(x) = u 0 (l + 2x/L); du/dx = 2vjL. (a) Compute the acceleration du/dt as a general function of x, and 
(A) evaluate du/dt at the entrance and exit if v 0 = 10 ft/s and L = 1 ft. 


f <«) 


du 

dt 


du 

~3t 


du du du 

+ U — + V — +W — 

dx dy dz 


du du du 
dt dy dz 


0 


u-v 0 



du _ 2v 0 
3x~~L 



K i+ !)Kt) 


+ 0 + 0 = 



(A) At the entrance, where x = 0, du/dt - [(2)(10) 2 (1)][1 + (2)(0)/(l)] = 200 ft/s 2 . At the exit, where x = 1 ft, 
du/dt = [(2)(10) 2 (1)][1 + (2)(1)/(1)] = 600 ft/s 2 . 



Fig. 7-3 


7.10 A two-dimensional velocity field is given by u = 2 y 2 , v = 3x, w = 0. At (x, y, z ) = (1, 2, 0), compute the 
(a) velocity, (A) local acceleration, and (c) convective acceleration. 

I (a) V = i[(2)(2) 2 ] + j[(3)(l)] = 4i + 3j 

3V 

(A) — = 0 

dt 

du du du du du 

(C) dt = ~di + U 3i + V 3^ + W ¥z = 0 + {2y){0) + ° xK4y) + ( ° )(0) = 12xy 

dv dl) dv dv dv 

Tt=& + U 3i + V 3y + W Tz = ° + (2y)(3) + (3X)(0) + ( ° )(0) = 6y 
a = (12)(l)(2)i + (6)(2) 2 j = 24i + 24j 


7.11 For the velocity field described in Prob. 7.10, at (1,2,0) compute the (a) acceleration component parallel to the 
velocity vector and (A) component normal to the velocity vector. 

I From Prob. 7.10, V = 4i + 3j and a = 24i + 24j at (1,2,0). 

(a) Tangential acceleration: 

n, = V/|V| = |i+|j a, = a ■ n. = (24i + 24j) • (|i + fj) = 19.2 + 14.4 = 33.6 units parallel to V 
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(ft) From Fig. 7-4, the angle 0 between V and a is determined by cos 8 = a,/|a| = 33.6/(24 2 + 24 2 ) 1/2 = 0.98995, 
0 = 8.13°, «„ = |a| sin 8 = (24 2 + 24 2 ) 1/2 (sin 8.13°) = 4.80 units normal to V. 



Fig. 7-4 


7.12 Is the flow with velocity field V = 2txi - t 2 yj + 3xzk steady or unsteady? Is it two- or three-dimensional? At the 
point (x, y, z) = (2, —2, 0), compute the (a) total acceleration vector and (ft) unit vector normal to the 
acceleration. 


f Flow is unsteady because time t appears explicitly. Row is three-dimensional because u, v, w#0. 


du 

dt 


= i£ +u i^ +v ^ +w ir =lx + + (~* 2 y )(°) + ( 3 * z )(°) =2x + 

dt dx dy dz 


4/ 2 x 


dv dv dv dv dv „ . , . . .... _ , 

di = ~9i +u to + v + * ^ = ~ 2<y + (2tx)(0) + + M = ~ 2ty + ty 


dw 

~dt 


dw dw dw dw „ . 

~dt +U !b +V dy +W liz =0 + + ( - ^y)(°) + ( 3jcz >( 3x ) = 6txz 


+ 9 x 2 z 


(«) 


du dv dw 

a = ' —+j—- + k — 
dt dt dt 


At point (2, -2,0), du/dt = (2)(2) + (4)(f 2 )(2) = 4 + 8r 2 , dv/dt = — (2)(f)(—2) + (f 4 )(-2) = 4r- 2t\ dw/dt = 
(6)(r)(2)(0) + (9)(2) 2 (0) = 0. Hence, a = (4 + 8f 2 )i + (4r - 2r 4 )j. (ft) Tlie unit vector normal to a must satisfy 
a • n = 0 = n x (4 + 8 1 2 ) + n y (4f — 2r 4 ) + n z (0) plus n 2 + n 2 + n 2 = 1. A special case solution is n = ±k. 


7.13 For steady flow through a conical nozzle, the axial velocity is approximately u = l/ 0 (l —x/L)~ 2 , where U 0 is the 
entrance velocity and L is the distance to the geometrical vertex of the cone. Compute (a) a general expression 
for the axial acceleration du/dt and (ft) its values at the entrance and at x = 2 m, if U 0 = 4 m/s and L = 3 m. 


(ft) At entrance (x = 0): 


f = (l-fr 5 [(2)(4) 2 /3] = 10.7 m/s 2 


At x = 2 m: 


f = (1 - §r 5 [(2)(4) 2 /3] = 2592 m/s 2 


7.14 A two-dimensional velocity field is given by V = (x 2 — 2 y 2 + 2x)i — (3xy + y)j. At x = 2 and y = 2, compute the 
(a) accelerations a x and a y , (ft) velocity component in the direction 0 = 32°, and (c) directions of maximum 
acceleration and maximum velocity. 


I 


~ = a*=^ + uf^ + u^+H'!^ = 0 + (x 2 -2y 2 + 2x)(2x + 2) + (-3xy -y)(-4y) + 0 
dt dt dx dy dz 
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— = a= — + u — + u|-+H''|- = 0 + (x 2 — 2y 2 + 2*)(-3y ) + (-3xy - y)(-3x - 1) + 0 
dt y dt dx dy dz 

a x = [2 2 - (2)(2) 2 + (2)(2)][(2)(2) + 2] + [(-3)(2)(2) - 2][(-4)(2)] = 112 
a y = [2 2 - (2)(2) 2 + (2)(2)][(—3)(2)] + [(-3)(2)(2) - 2][(-3)(2) - 1] = 98 
v*. = V • ■*. V = [2 2 - (2)(2) 2 + (2)(2)]i - [(3)(2)(2) + 2]j = Oi - 14j 


„ 32 . = 0.848i + 0.530J w*. = (0i - 14j)(0.848i + 0.530j) = -7.42 


(c) Direction of a: or = arctan (98/112) = arctan 0.87500 = 41.2°. Direction of V (direction of -j): P = -90°. 


7.15 The velocity field in the neighborhood of a stagnation point is given by u - U,>xlL, v - - U 0 y /L, w - 0. 

(a) Show that the acceleration vector is purely radial, (b) If L = 3 ft, what is the magnitude of U 0 if the total 
acceleration at (x,y) = (L, L) is 29 ft/s 2 ? 


du 

dt 


du du du du (UpX\ (U 0 \ n UqX 
= a x = — +u — + v — + w— = 0+ I— (—) +° + ° = -rr 
dt dx dy dz \ L ) \ L / L 

dv dv dv dv . dv (— U 0 y\( — U 0 \ t _ 

Tr°’-* +u *"’^ +w Tr ( ‘+ 0+ {-r-)\-r) +0 - 


Uly 

L 2 


(а) a = a x i + a y j = (U 2 JL 2 )(xi + yj) = (U 2 0 /L 2 )( r). (Hence, purely radial.) 

(б) |a| = a(L, L ) = (U 2 JL 2 ) \Li + Lj| = UW2/L. If L = 3 ft and |a| = 29 ft/s 2 , 29 = U 2 0 \J2/3, U 0 = 7.84 ft/s. 


7.16 A particle moves around the circular path x 2 + y 2 — 9 m 2 at a uniform speed of 4 m/s. Express the u and v 
components as functions of time, assuming 0 — 0 at t = 0. See Fig. 7-5. 

f u = u r cos 0 — w 8 sin 0 = —4 sin 0 m/s v = v r sin 0 + v e cos 0 = +4 cos 0 m/s 

But u fl = r0, 4 = 30, 0 = \t ; hence u = -4 sin %t and v = +4 cos ft. 




Fig. 7-5 


7.17 A perfect fluid flows from the bottom of a large tank through a small hole at the rate Q = 0.9 L/s. If the fluid 
flows radially toward the hole with the same volume flow across every section, compute the convective 
acceleration at points 100 mm and 200 mm from the hole. 

I Consider the radial velocity (v r ): v r = -Q/A, = -Q!{2nr 2 ) (A r is the area of a hemisphere). 



At r = 0.100 m, a r = -(0.9 X 10~ 3 ) 2 /[(2)(jr) 2 (0.100) 5 ] = -0.0041 m/s 2 , or -4.1 mm/s 2 . At r = 0.200 m, a r = 
-0.0041/32 = -0.000128 m/s 2 , or -0.128 mm/s 2 . 
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Given the velocity field \(x, y, z, t) = WxH — 20yxj + lOOfk, determine the velocity and acceleration of a 
particle at position r = lm, y=2m, z = 5 m, and t = 0.1 s. 

# V = (lOXl) 2 ! - (20)(2)(l)j + (100)(0.1)k = 101 - 40) + 10k m/s 


, x 3V I 3V 3V 3V\ 


a = 100k + t(10x 2 )(20jci - 20yj) + (-20yx)(-20xj) + (100r)(0)] = 20Qx 3 i + (-200tt 2 y + 400yx 2 )j + 100k 

At position x = lm,y=2m, z = 5m, and t = 0.1 s, a = (200)(l) 3 i + [(-200)(1) 2 (2) + (400)(2)(1) 2 ] j + 100k = 
2001 + 400j + 100k m/s 2 . 

If the flow in Fig. 7-2 is steady at 0.50 cfc, find the acceleration in the flow at sections A and B. 

I Since the flow at section A is uniform and also steady, a A = 0. 

dv av 3\ av n ay av ay av 

at 3x 3y 3z 3x 3y 3x 3y 

For point B on the axis of the pipe at section B, v = 0; hence, 

av 

a B = u — 


The effective area through which the flow is occurring in the converging section of the nozzle may be expressed 
approximately as A = 2jzhr, where h = r(l — cos 45°) = 0.293r and r is the distance from point C. Thus 
A = (2jr)(0.293r 2 ) = 1.84r 2 , and the velocity in the converging nozzle (assuming the streamlines flow radially 
toward C) may be expressed approximately as u = Q/A = 0.50/(1.84r 2 ). At section B, r = 2 in = 0.167 ft; hence, 
v = 0.50/[(1.84)(0.167) 2 ] = 9.744 fps. 

f - -f - 

A two-dimensional flow field is given by u = 2y, v = x. Sketch the flow field. Derive a general expression for the 
velocity and acceleration (x and y are in units of length L ; u and v are in units of L/ T). Find the acceleration in 
the flow field at point A (x = 3.5, y = 1.2). 

I The flow field is sketched in Fig. 7-6a. Velocity components u and v are plotted to scale, and streamlines are 
sketched tangentially to the resultant velocity vectors. This gives a general picture of the flow field. 

V = (u 2 + v 2 ) m = (4y 2 + x 2 ) m a x = u^ + v^ = 2y(Q) + x(2) = 2x a y = u ^ + v = 2y (1) + x(0) = 2y 

a = (a 2 + a 2 y /2 = (4x 2 + 4y 2 y' 2 (a A ) x = 2x = 7.0L/T 2 (a A ) y - 2y = 2.4L/T 2 

^ = [(a A )l + {a A )% la = [(7.0) 2 + (2.4) 2 ] I/2 = 1AL/T 2 

To get a rough check on the acceleration imagine a velocity vector at point A. This vector would have a 
magnitude approximately midway between that of the adjoining vectors, ot V A ~ 4L/T. The radius of curvature 
of the sketched streamline at A is roughly 3L. Thus (a A )„ ~ 4 2 /3 ~ 5.3L/T 2 . The tangential acceleration of the 
particle at A may be approximated by noting that the velocity along the streamline increases from about 
3.2 LIT, where it crosses the x axis, to about 8 LIT at B. The distance along the streamline between these two 
points is roughly 4L. Hence a very approximate value of the tangential acceleration at A is 




Vector diagrams of these roughly computed normal and tangential acceleration components are plotted 
(Fig. 7-6 b) for comparison with the true acceleration as given by the analytic expressions (Fig. 7-6c). 

The velocity along a streamline coincident with the x axis is u = 9 + x m . What is the convective acceleration at 
x = 3.2? Specify units in terms of L and T. Assuming the fluid is incompressible, is the flow converging or 
diverging? 

- 3u 3u 3u 3u 

• a, = —+ u —+ v —+w—- 

3t 3x 3y 3z 
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Since 


du du du „ du , vy 

— =t> — -w — = 0 a x = u —= (9 + x 

dt dy dz dx 






At x = 3.2, a x - (3)(3.2) 2/3 + (j)(3.2) 1/3 = 1.61 LIT 2 . For incompressible flow, the flow is converging. 


7.22 A large hemispherical vat has a small taphole centered on its lowest point. Ideal liquid drains through the hole 
according to Q = 11 — 0.5f, where Q is in cubic feet per second and t is in seconds. Find the total acceleration at 
a point 3 ft from the center of the hole at t = 16 s. Assume that liquid approaches the center of the hole radially. 

I v = Q/A. The area through which flow occurs is a hemispherical surface, so v = (11 — 0.5t)/(2jrr 2 ). 

dv dv r (ii-o.50 ir -(ii-o.50 i o.s 
“total v g r + g t [ 2 nr 2 JL nr 3 J 2nr 2 


At r = 3 ft and t = 16 s, a toul = {[11 - (0.5)(16)]/[(2)(^)(3) 2 ]}{-[ll - (0.5)(16)]/[(*)(3) 3 ]} - 0.5/[(2)(n)(3) 2 ] = 
-0.0107 ft/s 2 . 

7.23 ‘ Under what conditions does the velocity field V = (a,x + b^y + Ciz)i + (a 2 x + b 2 y + c 2 z)j + (a 3 x + b 3 y + c 3 z)k, 
where a u a 2 , etc. = constant, represent an incompressible flow which conserves mass? 

m du dv dw d d d 

“ 3x + dy + ~dz = ° fo( a i x + i>iy + c l z) + -(a 2 x + b 2 y+c 2 z) + ~(a 3 x + b 3 y + c 3 z) = 0 
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7.24 


7.25 


7.26 


7.27 


or a 1 +b 2 + c 3 = 0. At least two of the constants a u b 2 , and c 3 must have opposite signs. Continuity imposes no 
restrictions whatever on the constants b lt c u a 2 , c 2 , a 3 , and b 3 , which do not contribute to a mass increase or 
decrease of a differential element. 

An incompressible velocity field is given by u = a(x 2 — y 2 ), v unknown, w = b, where a and b are constants. 
What must the form of the velocity component v be? 


du ! dv | dw q 
dx dy dz 


d r2 2 . -1 

— (ax - ay 2 ) + — + — = 0 — = -2 ax 

3x y 7 ' dy dz dy 


This is integrated partially with respect to y: v(x, y, z, t) = -2 axy + f(x, z, t). This is the only possible form for 
v that satisfies the incompressible continuity equation. The function of integration / is entirely arbitrary since it 
vanishes when v is differentiated with respect to y. 

An incompressible flow field has u = xz 3 and w =xe~ y (dimensional factors omitted). What form does continuity 
imply for the velocity component u? 


3u dv dw . 
3x + 3y + 3z = ° 


, dv „ „ dv 3 

z 3 + — + 0 = 0 — =-z 3 

dy dy 


v = —z 3 y +f(x, z) 


A two-dimensional incompressible velocity field has u = AT(1 — e~ ay ), for x s L and 0sL5®. What is the most 
general form of v(x, y) for which continuity is satisfied and v = v 0 at y = 0? What are the proper dimensions for 
the constants K and a? 


f Dimensions of constants: {K} = {L/T}, {a} = {1/L}. 
3u dv dw 


r- + T _ + '^ - = 0 

dx dy dz 


dv 

0 + —+ 0 = 0 
3y 


dv 

3y 


= 0 v=f(x) only 


If v = u 0 at y - 0 for all x, then v-v 0 everywhere. 


Which of the following velocity fields satisfies conservation of mass for incompressible plane flow? 

(«) u = -jc, v=y (b) u-3y,v = 3x (c) u=4x,v = ~4y 

(d) u = 3xt,v = 3yt (e) u=xy +y 2 t, v =xy +x*t (/) u = 4x 2 y 3 , v = -2xy 4 

Ignore dimensional inconsistencies. 


f In order to satisfy continuity, 

du 

__ i 

dv „ du dv 

— = 0 or —— 

3t dx dy 





<fl) 


and 

? =1 

3y 

therefore, it does satisfy continuity. 

(b) 

du 

and 

F = ° 

dy 

therefore, it does satisfy continuity. 

(c) 

f-4 

dx 

and 

£=- 4 

dy 

therefore, it does satisfy continutiy. 

(d) 

-z- = 3r 
dx 

and 

dv 

T = 3t 
dy 

therefore, it does not satisfy continuity. 

<e) 

du 

and 

dv 

Ty~ X 

therefore, it does not satisfy continuity. 

if) 

du , 

Tr*** 

and 

dv 

dy 

—8xy 3 therefore, it does satisfy continuity. 


7.28 If the radial velocity for incompressible flow is given by v r = b cos dir 2 , b = constant, what is the most general 
form of v e (r, 6) that satisfies continuity? 

. la, ■ . ld ( . 3v z n 1 3 [ (b cos 0\1 ^ 1 

' -r^ n ' )+ -rJe (v - )+ i ;- 0 ;si w (—r;i 5 <0 '° 


3v a _ b COS 0 
~36~ r 2 


b sin 8 r , x 
v 0 = — -j— +f(r) 
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7.29 A two-dimensional velocity field is given by 


7.30 


7.31 


7.32 


7.33 


u = - 


Ky 

x 2 + y 2 


v = 


Kx 

x 2 + y 2 


where K is constant. Does this field satisfy incompressible continuity? Transform these velocities into polar 
components v r and v g . What might the flow represent? 


- du dv dw 2xKy 2 yKx 

* + (x 2 +y 2 ) 2 ~ (x 2 + y 2 ) 2 

Therefore, continuity is satisfied, x 2 + y 2 = r 2 , cos <9 = x/r, sin 6 =y/r. 


+ 0 = 0 


v r = u cos Q + v sin 6 = - (p^)(^) + (j 


Kx 


2 + y 2 /\r) 


Kyx Kxy 

3 + 3 

r r 


v = —« sin 8 + v cos 6 


Ky X\(y \, ( & \(*\ K y 2 . 


2 +y 2 !\r 


7)=7r + 7r=(>’ 2 +* 2 ) 


\r/ r 

Hence, in polar coordinates v r {r, 6 ) and v e (r, d), v r = 0, v e = K/r. (This represents a potential vortex.) 

For incompressible polar coordinate flow, what is the most general form of a purely circulatory motion, 
v B = v(r, 6 , t ) and v r = 0, which satisfies continuity? 

• 7l (n, ' )+ ^ w+ fr° ”•-«') 

What is the most general form of a purely radial polar coordinate incompressible flow pattern, v r = v,(r, 0, t) 
and v e = 0 that satisfies continuity? 

An incompressible steady flow pattern is given by u = x* + 3z 4 and w = y* - 3yz. What is the most general form 
of the third component, v(x, y, z), that satisfies continuity? 


_ du dv dw „ „ , 

| —+ —+ —= 0 4x 3 + — — 3y = 0 — 

dy dz dy dy 


= 3y-4x v = \y 2 - 4x 3 y +/(x, z) 


A certain two-dimensional shear flow near a wall, as in Fig. 7-7, has the velocity component 

\ax a x J 

where a and U are constants. Derive from continuity the velocity component v(x, y) assuming that v = 0 at the 
wall, y = 0. 

. du dv dw du dv dv du /—3 y 2 y 2 \ ( dy 2 2y 3 

dx dy dz dx dy dy dx \ax ax V \2ax 3ax 

Enforce no-slip condition: v(x, 0) = U( 0 - 0) +/(x) = 0, f(x) = 0. 


:) +/(*) 



Fig. 


7.34 Consider the flat-plate boundary-layer flow in Fig. 7-8. From the no-slip condition v = 0 all along the wall y = 0, 
and u = U = constant outside the layer. If the layer thickness 8 increases with x as shown, prove with 
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incompressible two-dimensional continuity that ( a ) the component v(x,y) is everywhere positive within the 
layer; (6) v increases parabolically with y very near the wall; and (c) v reaches a positive maximum at y - d. 

f (a) If 8 increases with x, the streamlines in the shear layer must everywhere move upward to satisfy 
continuity. Therefore, du/dx < 0 everywhere inside the shear layer. Since continuity requires 


du dv 
dx dy 


= 0 


everywhere, it follows that dv I dy > 0 everywhere in the shear layer. 
(b) Near the wall, u=yf(x), dv/dy = -du/dx = -/'(*); therefore, 

y 2 

v=——f'(x) (parabolic) 


(c) At y a: 8(x), du/dx = 0; therefore dv/dy = 0, and v = maximum. 


Layer thickness 6(x) 



7.35 


The axial velocity field for fully developed laminar flow in a pipe is v z = M max (l - r 2 /R 2 ) and there is no swirl, 
v g - 0. Determine the radial velocity field v r (r, z ) from the incompressible relation if « max is constant and v r - 0 
at r - R. (r denotes radial distance from the pipe’s center; R denotes the pipe’s radius.) 


1 a, . 1 d . x dv, „ 15, , „ „ „ 
~rJr^ ) + -rJe iVe) + -d^ = 0 -J^r)+ 0 + 0 = 0 


dr 


(rv,) = 0 


V r = 


m z) 


if v r (R) = 0 for all 6, z, v r = 0. 


7.36 


An incompressible flow field has the cylindrical components v e = Cr, v z - K(R 2 - r 2 ), v r = 0, where C and K 
are constants and r^R, z <L. Does this flow satisfy continuity? What might it represent physically? 


I 


id, . \d 
-rTr (n, ' )+ ~rSe 


(v e ) + 


3v z 

dz 


= 0 


iw®] + ; A (C,)+ S ^ ^ “ 0 


0 + 0 + 0 = 0 (satisfies continuity) 


This flow represents pressure-driven, laminar, steady flow in a rotating tube (fully developed). 


7.37 


An incompressible flow in polar coordinates is given by v r = K cos 0(1 - b/r 2 ), v e = -K sin 0(1 + b/r 2 ). Does 
this field satisfy continuity? For consistency, what should the dimensions of the constants K and b be? 


# ;lh cose ( 1 "^)] + 7^["^ sin0 ( 1+ ^)] +o=o 

-/(Tcos 0^1— ^Xcos 0^1= 0 0 = 0 (satisfies continuity) 

Dimensions of constants: {K} = {L/T}, {b} = {L 2 }. 


738 


The x component of velocity is u = x 3 + z* + 6, and the y component is v — y 2 + z 4 . Find the simplest z 
component of velocity that satisfies continuity. 


du dv dw 
dx dy dz 


3x 2 + 3 y 2 + 


dw 

dz 


I 


— =-3 (x 2 + y 2 ) w = -3z(x 2 + y 2 ) 
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7.39 


7.40 


7.41 


Is the continuity equation for steady, incompressible flow satisfied if the following velocity components are 
involved? 

u = hc -xy + z v=x -4xy+y w = —2xy — yz+y 


I + + = ® (4x-y) + (-4x+2y) + (-y) = 0 (satisfies continuity) 

For steady, incompressible flow, are the following values of u and v possible? 

(a) u = 4xy + y 2 , v = 6xy + 3x (b)u = 2x 2 + y 2 , v =-4xy 

. du dv dw „ 

dx dy dz 

(a) 4y + 6x + 0 =£ 0 (Flow is not possible.) 

( b ) 4x — 4x + 0 = 0 (Flow is possible.) 

Determine whether the velocity field V = 3fi + xzj + fy 2 k is incompressible, irrotational, both, or neither, 
f The divergence of this velocity field is 


Therefore, this velocity field is incompressible. The curl of this velocity field is 

k 

a 


vxv = 


■ J 

d_3_ 

| dx dy dz 
3f xz ty 2 

This is not zero; hence, the flow field is rotational, not irrotational. 


= (2 ty — x)i + z k 


7.42 


7.43 


If a velocity potential exists for the velocity field u - a(x 2 — y 2 ), v = —2 axy, w = 0, find it and plot it. 
f Since w = 0, the curl of V has only one (z) component, and we must show that it is zero. 


(V X V) 2 = 2o) z = ^ ^ ^ (~2axy) - ^ (ax 2 - ay 2 ) = -lay + lay = 0 
The flow is indeed irrotational. A potential exists. To find <p(x, y), set 


checks 


d<p 


2 2 

u = -r~ = ax z - ay 


= -2axy 
dy 


Integrate ( 1 ) 

Differentiate (3) and compare with (2) 


ax 


<t >=-^— axy 2 +f(y) 


d<f> 

dy 


= -2 axy +f'(y) = -2axy 


(2 

(3 

(4 


Therefore/' = 0, orf — constant. The velocity potential is <f> = ax 3 /3 — axy 2 + C. Letting C = 0, we can plot the 
<t> lines as shown in Fig. 7-9. 

Given the velocity field V = 13x 2 yi + 18(yz + x)j + 15k, find the angular velocity vector of a fluid particle at 
(2,3,4) m. 


w x 




1 

(3V Z 

dV y \ 

' 2 

\ dy " 

dz) 

1/ 

'dV y 

9V„\ 

2 ' 

\ dx 

dy) 


13x 2 ) = 9 - 6.5x 2 u> = -9yi + Qj + (9 - 6.5x 2 )k 


At point (2,3,4) m, w = (—9)(3)i + [9 - (6.5)(2) 2 ]k = -27i - 17k rad/s. 
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X 


Fig. 7-9 


Given the velocity field V = 6x 2 yi — (4.x — 4z)j + 12z 2 k m/s, compute the angular velocity field u>(x, y, z). 

, 1 (9V Z dV y \ „ l(dV x 9V Z \ w _ 

' “’-(ar-is-H 0 - 0 *- 0 

at ‘* = \ = K -4 "6l 2 )- "(2 + 3JC 2 ) » = -a + Qj -(2 + 3**)krad/s 

Show that any velocity field V expressible as the gradient of a scalar <p must be an irrotational field, 
f Show curl (grad </>) = 0 

+ |Sj + g k ),» 

[| (?)-l(?)MI (?) -1 (5)i + [I (?) - f (?)H 

Since d^tfr/dy dz = cf^/dz dy, etc., we see that we have proven our point provided the partial derivatives of 0 
are continuous. 


Is the following flow field irrotational or not? V = 12x 3 yi + 3x 4 j + 10k ft/s. 


- —■ = 12x 3 - 12x 3 = 0 
3y 5x 


£^_£K =0 


dV x 0 
dx dz 


Therefore, the flow is irrotational. 


For the velocity vector V = 3ri + xzj + ty 2 k evaluate the volume flow and the average velocity through the 
square surface whose vertices are at (0,1,0), (0,1,2), (2,1,2), and (2,1,0). See Fig. 7-10. 

f The surface S is shown in Fig. 7-10 and is such that n = j and dA = dxdz everywhere. The velocity field is 
V = 3ri + xzj + fy 2 k. The normal component to S is V • n = V • j = v, the y component, which equals xz. The 
limits on the integral for Q are 0 to 2 for both dx and dz. The volume flow is thus 

Q = f V n dA= f f xzdxdz = 4.0units 
Js Jo Jo 

The area of the surface is (2)(2) = 4 units. Then the average velocity is V av = Q/A = 4.0/4.0 = 1.0 unit. 


At low velocities, the flow through a long circular tube has a paraboloid velocity distribution 
u = u 0UUt (l — r 2 /R 2 ), where R is the tube radius and u m „ is the maximum velocity, which occurs at the tube 
centerline, (a) Find a general expression for volume flow and average velocity through the tube; (6) compute 
the volume flow if R = 3 cm and u m „ = 8 m/s; and (c) compute the mass flow if p = 1000 kg/m 3 . 
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7.49 


f (a) The area S is the cross section of the tube, and n = i. The normal component V • n = V • i = u. Since u 
varies only with r, the element dA can be taken to be the annular strip dA = 2ar dr. The volume flow becomes 




2jzrdr 


Carrying out the integration over r, we obtain Q = ^u^jtR 2 . The average velocity is w av = Q/A = 

\u max iiR 2 /nR 2 = |« max . The average velocity is half the maximum, which is an accepted result for low-speed, 
or laminar, flow through a long tube. (6) For the given numerical values Q = §(8)jt( 0.03) 2 = 0.0113 m 3 /s. 

(c) For the given density, assumed constant, m = pQ = (1000)(0.0113) = 11.3 kg/s. 


For low-speed (laminar) flow through a circular pipe, as shown in Fig. 7-11, the velocity distribution takes the 
form u = (B/p)(rl - r 2 ), where p is the fluid viscosity. Determine (a) the maximum velocity in terms of B, p, 
and r 0 and (6) the mass flow rate in terms of B, p, and r 0 . 


f (a) u max occurs when du/dr = 0. du/dr = —2Br/p = 0, r = 0, w max = Br\!p. 


(b) 



pv n dA= f p-(r 2 0 - r 2 )(2jir dr) = 2np ^ [ T -~ 
Jo P P L 




7.50 If the fluid in Fig. 7-11 is water at 20 °C and 1 atm, what is the centerline velocity U 0 if the tube radius is 20 mm 
and the mass flow through the tube is 1.3 kg/s? 

I From Prob. 7.49, m = (p/2)u m , x (:trl), 1.3 = ( 2 f 6 )(u max )[(nr)(0.020) 2 ], u mBX = U„ = 2.07 m/s. (Actually, this is 
unrealistic. At this p, N R > 2000, so the flow is probably turbulent.) 

7.51 A velocity field in arbitrary units is given by V = 3xH - xyj — 6xzk. Find the volume flow Q passing through the 
square with comers (x, y, z) = (1, 0, 0), (1,1, 0), (1,1,1), and (1,0,1). See Fig. 7-12. 

f Q = JJ (u)*=i dy dz. Since n = i, V*n = «= 3x 2 . 0 = Jo Jo (3) dydz = 3 units. 
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Fig. 7-12 


7.52 For an incompressible fluid, express the volume flow Q across the upper surface in Fig. 7-13 in terms of the inlet 
velocity V 0 and the height 6 of the fluid region shown in the figure? 

1 Q=[ U 0 b dy - J* U 0 sin (j)b dy = U 0 b[y]% - t/„h(£)[-cos (^)]* 

= U 0 b8 - c/ o*(£)[l + 1] = U 0 b8 - ?U»b(^J 
= U 0 bd( 1 - 2/n) = 0.363 U 0 b8 



7i3 The velocity profile in water flow down a spillway is given approximately by u = (U 0 )(y/h) ln where y = 0 

denotes the bottom and the depth is h (see Fig. 7-14). If U 0 = 1.4 m/s, h= 3 m, and the width is 17 m, how long 
will it take 10 5 m 3 of water to pass this section of the spillway? 

Q — J udA = (l/ o )0 (b dy) = U » bh W ]~J-\ o = lUobh = (|)(1.4)(17)(3) = 62.5 m 3 /s 

t — V/Q = 10 s /62.5 = 1603 s or 26.7 min 


I 
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Find the total derivative, dp/dt, at x = 1 and y = 3 of the density field p = 3x 3 - 4 y 2 corresponding to the 
velocity field V = (x 2 - y 2 + x)i - (3xy + y)j. 

I ^E = ^£ + u iE + v ^£ +w iP = 0 + (x 2 - y 2 + JC )(9 X 2 ) - (3 xy + y)(—8y) + 0 

At x = 1 and y = 3, dp/dt = (l 2 - 3 2 + 1)[(9)(1) 2 ] - [(3)(1)(3) + 3][(-8)(3)] = 279 units. 

A frictionless, incompressible (p = p 0 ) steady flow field is given by V = 3xyi — 2y 2 j in arbitrary units. Neglecting 
gravity, calculate the pressure gradient and evaluate this gradient at (3,1,0). 

dV / 31/ 3V 31A 

* P ~dt = Po \ ~dx +V 'dy +W ~dz) = p ^ 3xy ^ 3yi) + (-VXW-4yj) + 0] = -Vp Vp = p„(6xyH + 4y 3 j) 

At (3,1,0), Vp = p 0 [(6)(3)(l) 2 i + (4)(l) 3 j] = p 0 (18i + 4j). 

A temperature field T = 5x y 2 is associated with a velocity field given by u = 2y 2 , v = 3x, w = 0. Compute the 
rate of change dT/dt at the point (jc, y) = (3, 4). 


At (3,4), 


d I =u ~ + v ~ + w~= (2y 2 )(5y 2 ) + (3x)(10xy) + 0 = 10y 4 + 30x 2 y 
dt dx dy dz 


— = (10)(4) 4 + (30)(3) 2 (4) = 3640 units 
dt 


Take the velocity field u = a(x 2 - y 2 ), v = -2axy, w = 0 and determine under what conditions it is a solution to 
the Navier-Stokes momentum equation. Assuming that these conditions are met, determine the resulting 
pressure distribution when z is “up” (g x = 0, g y — 0, g 2 = -g). 


dp (afu d 2 u d^uX du dp (cfv d 2 v d 2 v\ dv 

pg '-S + Ki? + 5 ? + ??)- p di 

dp / d 2 w d 2 w dw 

P8 ‘~lte + ,i \d? + ^? + !)?)~ P ~dt 


Make a direct substitution of u, v, w. 

P(0)-|^ + #*(2a-2a) = 2a 2 p(x 3 + xy 2 ) (i) 

p( 0 )-^ + p(°) = 2 a 2 p(x 2 y+y 3 ) (2) 

p(-g)-f z + p(0) = 0 (3) 

The viscous terms vanish identically (although p is not zero). Equation (3) can be integrated partially to obtain 

p = -pgz +/i(x, y) (4) 

i.e., the pressure is hydrostatic in the z direction, which follows anyway from the fact that the flow is two- 
dimensional (*v = 0). Now the question is: Do Eqs. (I) and (2) show that the given velocity field is a solution? 
One way to find out is to form the mixed derivative d 2 p/(dx dy) from (J) and (2) separately and then compare 
them. 

Differentiate Eq. (1) with respect to y 

-^£-=-4 a 2 p xy (5) 


Now differentiate Eq. (2) with respect to x 

i2a2p(x2y+y3)]= ~*° 2pxy 

Since these are identical, the given velocity field is an exact solution to the Navier-Stokes equation. 
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To find the pressure distribution, substitute Eq. ( 4 ) into Eqs. (1) and (2), which will enable us to find/i(jc, y) 


|£=-2 a 2 p(x 3 +xy 2 ) 

( 7 ) 

| i =-2 a 2 p(x 2 y+y 3 ) 

(8) 

Integrate Eq. (7) partially with respect to x 


f^-Wp(x 4 + 2x 2 y 2 )+f 2 (y) 

(9) 

Differentiate this with respect to y and compare with Eq. ( 8 ) 


|j= —2a 2 px 2 y +n(y) 

(10) 


Comparing (8) and (10), we see they are equivalent if 


tt(y)=-2aW 

A (y) = Wpy 4 + C 


( 11 ) 


where C is a constant. Combine Eqs. (4), (9), and (11) to give the complete expression for pressure distribution 

p(x, y, z) --pgz- |a 2 p(x 4 + y* + 2x 2 y 2 ) + C (12) 

This is the desired solution. Do you recognize it? Not unless you go back to the beginning and square the 
velocity components: 

u 2 4- v 2 + w 2 = V 2 = a 2 (x* + y 4 + 2x 2 y 2 ) (13) 

Comparing with Eq. (12), we can rewrite the pressure distribution as 

p + 2 pV 2 + pgz = C (14) 


The sprinkler shown in Fig. 7-15 on p. 148 discharges water upward and outward from the horizontal plane so 
that it makes an angle of 0 ° with the t axis when the sprinkler arm is at rest. It has a constant cross-sectional 
flow area of A 0 and discharges q cfs starting with w = 0 and t = 0. The resisting torque due to bearings and seals 
is the constant T 0 , and the moment of inertia of the rotating empty sprinkler head is I,. Determine the equation 
for <y as a function of time. 

I The control volume is the cylindrical area enclosing the rotating sprinkler head. The inflow is along the axis, 
so that it has no moment of momentum; hence, the torque — T 0 due to friction is equal to the time rate of 
change of moment of momentum of sprinkler head and fluid within the sprinkler head plus the net efflux of 
moment of momentum from the control volume. Let V r = q/2A 0 . 

~ T 0 = 2 | A 0 pcor 2 dr + 4 ( y r cos 6 - mr 0 ) j 

The total derivative can be used. Simplifying gives 

~ (4 + ipA 0 rl) = pqr 0 (V r cos 6 - (or 0 ) - T 0 

For rotation to start, pqr 0 V r cos 0 must be greater than T 0 . The equation is easily integrated to find co as a 
function of t. The final value of co is obtained by setting dco/dt = 0 in the equation. 


A turbine discharging 10 m 3 /s is to be so designed that a torque of 10 000 N • m is to be exerted on an impeller 
turning at 200 rpm that takes all the moment of momentum out of the fluid. At the outer periphery of the 
impeller, r = 1 m. What must the tangential component of velocity be at this location? 

I T = pQl(rv,) 2 -(rv,) 1 ] 10 000 = (1000)(10)[(l)(u,) in - 0] (v,) in = 1.00 m/s 

The sprinkler of Fig. 7-16 discharges 0.01 cfs through each nozzle. Neglecting friction, find its speed of rotation. 
The area of each nozzle opening is 0.001 ft 2 . 

I The fluid entering the sprinkler has no moment of momentum, and no torque is exerted on the system 
externally; hence the moment of momentum of fluid leaving must be zero. Let co be the speed of rotation; then 
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7.61 



Fig. 7-15 


the moment of momentum leaving is pQ^v n + pQ 2 r 2 y l2 in which v, and v a are ahso^tevelodties^inien 
Wl = Vl - Wl = Gl /0.001 - or, = 10 - m and v, 2 = - a>r 2 = 10-§«>. For the moment of momentum to be 

rero, pQ(r 1 u„ + r 2 v, 2 ) = 0 or (1)(10 - (o) + (|)(10 -§«)) = 0 and a) = 11.54 rad/s, or 110.2 rpm. 




t- 


8 in 


-12 in 


Fig. 7-16 


The velocity profile for laminar flow between two plates, as in Fig. 7-17, is 

v = w = 0 


4 u^yjh-y) 
“ h 2 


If the wall temperature is T w at both walls, use the incompressible-flow energy equation to solve for the 
temperature distribution T(y) between the walls for steady flow. 


dy 2 


/du\ 2 

d 2 T Id 

Ul 1 

y 

°= K df + fl \d 

y) 


0 --i o'- 


dy 2 K \dyj 

? = ( ~ 16 ruh )lh 2 y - My 2 +(3)(y) 3 + C >1 

dy \ Kh / 

Since dTldy = 0 at y = hjl, C, = —A 3 /6. 


- - af +(S)W ’ - 0 r ' mf) + 3 - t + C =1 


dT (- 
dy 


If T = T w at y = 0 and y = h, then C 2 = T w . 


y = h' 


r = 0 ’ 




-- 2^00 

=] 




\T(y) 


Fig. 7-17 



KINEMATICS OF FLUID MOTION 0 149 


m 


Consider a viscous, steady flow through a pipe (Fig. 7-18a). The velocity profile forms a paraboloid about the 
pipe centerline, given as 

V=-C(r 2 -D 2 / 4) m/s ( 1) 

where C is a constant, (a) What is the flow of mass through the left end of the control surface shown dashed? 

( b ) What is the flow of kinetic energy through the left end of the control surface? Assume that the velocity 
profile does not change along the pipe. 

I In Fig. 7-186, we have shown a cross section of the pipe. For an infinitesimal strip, we can say noting that V 
and dA are collinear but of opposite sense: pV • dA — p[C(r 2 - D 2 /4)]2nrdr. For the whole cross section, we 
have 



p | 72 c(r 2 - ~~) 2jtrdr = 2n P c [^ 


DVl D/2 = pCnD 4 

4 2 J 0 “ 32 


kg/s 


( 2 ) 


We now turn to the flow of kinetic energy through the left end of the control surface. The kinetic energy for an 
element of fluid is \ dmV 2 . This corresponds to an infinitesimal amount of an extensive property N. To get tj, 
the corresponding intensive property, we divide by dm to get 

Tl = \V 2 (3) 


We accordingly wish to compute Jf jjpV • dA. = j - / (I V 2 ){p\ • dA}. Employing Eq. (1) for V, and noting again 
that V and dA are collinear but of opposite sense, we get 


II tlpV • dA = I 


pC*nD % 
2048 


N • m/s 


(4) 



Fig. 7-18(a) 


Fig. 7-18(6) 


7.63 


In Prob. 7.62, assume a one-dimensional model with the same mass flow. Compute the kinetic energy flow 
through a section of the pipe for this model. That is, compute kinetic energy flow with an average constant 
velocity. What is the ratio of the actual kinetic energy to the kinetic energy flow for the one-dimensional model 
flow? 


f We first compute the constant velocity at a section for the one-dimensional model. Hence, using Eq. (2) of 
Prob. 7.62, 

CD 2 

F. v = ^- m/s ( 1 ) 


The kinetic energy flow for the one-dimensional model is then 




Kf-T(f) 


pC 3 D s n 

4096 


N • m/s 


( 2 ) 


We now define the kinetic-energy correction factor or as the ratio of the actual flow of kinetic energy through a 
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7.64 


cross section to the flow of kinetic energy for one-dimensional model for the same mass flow. That is 

KE flow for section 


a =; 


KE flow for 1 -D model 

For the case at hand, we have from Eq. (2) of this problem and Eq. (4) of Prob. 7.62 

-pCW/2048 „ 

* " -pC 3 JtD*l 4096 

The factor a exceeds unity, so there is an underestimation of kinetic energy flow for a one-dimensional model. 

The velocity field in a diffuser is u = U 0 e~ 2x ' L , and the density field is p = p 0 e~ x,L . Find the rate of change of 
density at x = L. 


(3) 


(4) 


I 

At x — L, 


dt dt dx dy dz \ L J 


PM -3x!L 

L 


dp_ PqUq - 3 ul_ 0.0498pot/ o 


dt 


7.65 Gas is flowing in a long 4-in-diameter pipe from A to B. At section A the flow is 0.30 lb/s, while at the same 
instant at section B the flow is 0.33 lb/s. The distance between A and B is 700 ft. Find the mean value of the 
time rate of change of the specific weight of the gas between sections A and B at that instant. 

f yiAu, - Y 2 A 2 V 2 = (volume of section). Since G - y. Av, 

\ at / .v* 

0.30 - 0.33= [(700)(jt)(^) 2 /4] =-0.000491 lb/ft 3 /s 

\ot / aV g \ot / aV g 

7.66 An incompressible flow field is given by V = x 2 ! - z 2 j - 3xzk with V in meters per second and (jc, y, z) in 
meters. If the fluid viscosity is 0.04 Pa • s, evaluate the entire viscous stress tensor at the point 
(x,y,z) = (3,2,1). 


T« = 


dll 

= 2/i — = 4(iu 
dx 


-dv 

T yy =2 M - = 0 


» aw 

^ = 2 P~= ~6px 


(du dv\ Jdv dw\ (du dw\ 


Kdy 

At ( x, y, z ) = (3, 2,1) for p = 0.04 kg/(m • s): 


T„ = 


0.48 

0 


0 

0 


- 0.12 

-0.08 


-0.12 -0.08 -0.72 


Pa 


7.67 Given the velocity distribution 

u = Kx v = —Ky w=0 ( 1) 

where k is constant, compute and plot the streamlines of flow, including directions, and give some possible 
interpretations of the pattern. 

I Since time does not appear explicitly in Eqs. (1), the motion is steady, so that streamlines, path lines, and 
streaklines will coincide. Since w = 0 everywhere, the motion is two-dimensional, in the xy plane. The 
streamlines can be computed by substituting the expressions for u and v into 

dx _ dy f dx_ f dy 

u v w V Kx Ky J x J y 

Integrating, we obtain lnx = -lny + In C, or 


xy = C 


(2) 
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This is the general expression for the streamlines, which are hyperbolas. The complete pattern is plotted in 
Fig. 7-19 by assigning various values to the constant C. The arrowheads can be determined only by returning 
to Eqs. (1) to ascertain the velocity component directions, assuming K is positive. For example, in the upper 
right quadrant (x > 0, y > 0), u is positive and v is negative; hence the flow moves down and to the right, 
establishing the arrowheads as shown. 

Note that the streamline pattern is entirely independent of the constant K. It could represent the 
impingement of two opposing streams, or the upper half could simulate the flow of a single downward stream 
against a flat wall. Taken in isolation, the upper right quadrant is similar to the flow in a 90° comer. 

Finally note the peculiarity that the two streamlines (C = 0) have opposite directions and intersect each other. 
This is possible only at a point where u = v = w = 0, which occurs at the origin in this case. Such a point of zero 
velocity is called a stagnation point. 



7.68 A velocity field is given by u = V cos 8, v = V sin 8, and w = 0, where V and 8 are constants. Find an 
expression for the streamlines of this flow. 

I dx _dy _dz dr dx _ dy _dz 

u v w V V cos 6 V sin 8 0 

(Note: dz/0 indicates that the streamlines do not vary with z.) 

dy V sin 0 

— = — -- = tan 6 y=x tan 8 + C 

dx V cos 6 

Hence, the streamlines are straight and inclined at angle 6, as illustrated in Fig. 7-20. 


3 
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7.» A two-dimensional steady velocity field is given by « = 3* 2 - 2y\ v = -<*y. Derive the streamline pattern and 
sketch a few streamlines in the upper half-plane. 

dx dy _dz _ dr dx _ dy 

t ~H = ~v~~w~V 3* 2 - 2y 2 -6xy 

-6xydx = (3x 2 -2y*)dy df = 6*y dx + (3* 2 - 2y 2 ) dy f(x, y) = 3* 2 y - 2//3 = const. 
Hence, the streamlines represent inviscid flow in three comers, as illustrated in Fig. 7-21. 



Fig. 7-21 


7.70 A two-dimensional unsteady velocity field is given by u = x(\ + 3 1), v = y. Determine the one-parameter (0 


family of streamlines through the point (* 0 , y<>)- 



dx dy dz dr 

dx dy 

f 

u v w V 

*(1 + 3t) y 

Integrate, holding t constant. 

In* , , „ 

-—- = In y + C 

1 + 3t 

y = C* 1,(l+30 

If y = y 0 at x = xo, y 0 = C*o <1+3 °. 




r i / r \ no+30 

Some streamlines of the family are sketched in Fig. 7-22. 


r = -0.4 -0.2 



0 


Fig. 7-22 
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Investigate the stream function in polar coordinates 

ip =U sin 8(r-R 2 /r) 

where U and R are constants, a velocity and a length, respectively. Plot the streamlines. What does the flow 
represent? Is it a realistic solution to the basic equations? 

f The streamlines are lines of constant i p, which has units of square meters per second. Note that ip/UR is 
dimensionless. Rewrite Eq. (1) in dimensionless form 

rp/UR =sin d(ri - 1/rj) *} = r/R 

Of particular interest is the special line ip = 0. From Eq. (I) or (2) this occurs when (a) 9 = 0° or 180° and 
(ft) r = R. Case (a) is the x axis and case (f>) is a circle of radius R, both of which are plotted in Fig. 7-23. 
For any other nonzero value of ip it is easiest to pick a value of r and solve for 9: 


sin 9 — 


ip I UR 
r/R-R/r 


In general, there will be two solutions for 8 because of the symmetry about the y axis. For example take 
ip/UR = +1.0: 


Guess r/R 

3.0 

2.5 

2.0 

1.8 

1.7 

1.618 

Compute 8 

22° 

28° 

42° 

54° 

64° 

90° 


158° 

152° 

138° 

126° 

116° 



This line is plotted in Fig. 7-23 and passes over the circle r = R. You have to watch it, though, because there is a 
second curve for ip/UR - +1.0 for small r<R below the x axis: 

Guess r/R 0.618 0.6 0.5 0.4 0.3 0.2 0.1 

Compute 8 -90° -70° -42° -28° -19° -12° -6° 

-110° -138° -152° -161° -168° -174° 

This second curve plots as a closed curve inside the circle r = R. There is a singularity of infinite velocity and 
indeterminate flow direction at the origin. Figure 7-23 shows the full pattern. 

The given stream function, Eq. (1), is an exact and classic solution to the momentum equation for frictionless 
flow. Outside the circle r-R it represents two-dimensional in viscid flow of a uniform stream past a circular 
cylinder. Inside the circle it represents a rather unrealistic trapped circulating motion of what is called a line 
doublet. 

Streamlines converge, 
high-velocity region 





_ 

o 

's 

© 

r 

1 


1 

0 


Singularity 
at the origin 


Kg. 7-23 


7.72 In two-dimensional, incompressible steady flow around an airfoil, the streamlines are drawn so that they are 
10 mm apart at a great distance from the airfoil, where the velocity is 40 m/s. What is the velocity near the 
airfoil, where the streamlines are 7.5 mm apart? 


Q=Av = (i«So)(40) = 0.40 - 


0.40 = (7.5/1000)(u) v = 53.3 m/s 
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7.73 A three- dim ensional velocity distribution is given by u = -x, v = 2y, w = 6 - z. Find the equation of the 
streamline through (1,2,3). 

- = -£ = — —lnx = lnVy+ lnC t x\^=-C 1 

-x 2y 


7.74 


U V w 

At x = l, y = 2, lV2 = -C„ C t = -1.414; xV^ = 1.414. 

dx dz 


-Inx = —In (6 — z) + ln C^ 


6 — z 


= C 2 


-x 5 — z 

At x = 1, z = 3, (6 - 3)/l = C 2 , C 2 = 3; (6 - z)/x = 3. Therefore, xVy = 1.414 and (6 - z)/x = 3 is the equation 
of the streamline. 

A two-dimensional flow can be described by u = -ylb 2 , v = x/a 2 . Verify that this is the flow of an 
incompressible fluid and that the ellipse x 2 /a z + y 2 /h 2 = 1 is a streamline. 

| — + — = 0 + 0 = 0 (Therefore, continuity is satisfied.) 

dx dy 

dx_dy_dz dx ^ dy xdx = -ydy 
u~ v w -y/b 2 x/a 2 a 2 b 2 

x 2 /a 2 + y 2 lb 2 = constant (Therefore, ellipse x 2 /a 2 + y 2 /b 2 = 1 is a streamline.) 

7.75 A velocity potential in two-dimensional flow is 4> - xy + x 2 — y 2 . Find the stream function for this flow. 

I ir = ir ^ = y + 2x l^ = y + 2x V = \y 2 + 2xy+f{x) 

dx dy dx dy 


d±=_3V ^ = x -2y -?! = x -2y 

dy dx dy y dx y 

Therefore,/(x) = -|x 2 (+C) and tp = 2xy + {y 2 - \ x 2 (+C). 


-2y-f'(x) = x-2y 


7.76 For the steady two-dimensional flow shown in Fig. 7-24, the scalar components of the velocity field are V x = -x, 
V y =y, V z = 0. Find the equations of the streamlines and the components of acceleration. 

f ( dyldx). mm = V y /V x = -y/x, dy/y = -dx/x, lny = -lnx + In C. Hence, xy = C. Note that the streamlines 
form a family of rectangul ar hyperbolas. The wetted boundaries are part of the family, as is to be expected. 


a z = 0 


a=xi + yj 



Fig. 7-24 
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A two-dimensional dipole source at the origin produces steady incompressible flow with stream function 

V= F+7 

Find the direction of motion of a fluid particle at the point x — 6, y = 9. 
f Along the streamline ip = const, through the given point, 

„ (x 2 + y 2 )dy-y(2xdx+2ydy) 

°- dv - <?7ff - 

from which 


dy 2xy 2(6)(9) „ 

dx x 2 -y 2 ~ 6 2 -9 2 ~ 

Therefore the particle is moving at an angle of arctan (-2.4) = -67.4° with the positive jc-axis. 

Sketch the streamlines for Prob. 7.77. 
f The streamline ip — 1/2A has the equation 

or * ! +(y-A)’=i’ 

It is thus a circle of radius |A| centered at (0, A); see Fig. 7-25. 


I Fig. 7-25 

In Prob. 7.76 find the normal acceleration of a fluid particle as it moves through the position x = 3, y = 5. 
f At (3,5), V = -3i + 5j and a = 31 + 5j. Therefore (see Fig. 7-26), 

„ - » • V V - ( 3 K— 3 ) + ( 5 )( g ) , 24. | 40. 

*v |y |2 V (—3) 2 + (5) 2 ' "** Tyj 

*n — * — *v = if (51 + 3j) 


■ ( _ 3i + 5j) = -ffi+ T?j 
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7.80 Repeat Prob. 7.70 to find the equation of the path line that passes through (jc 0 , y 0 ) at time t = 0. Sketch it. 
f u = dx/dt = jc(1 + 3t) dx/x = (l+3t)dt lnx = f + 1.5f 2 + C x 

x = exp (f + 1.5f 2 + C,) = [exp (t + 1.5f 2 )](C 2 ) 

Atx =x 0 and t = 0, x 0 = e°C 2 , C 2 = x 0 \ x =x 0 exp (t + 1.5/ 2 ), v =dy/dt=y, dy/y = dt, lny = t + C 3 , 
y = exp (f + C 3 ) = e‘C 4 . 

At y = y 0 and t = 0, y 0 = e°C 4 , C 4 = y 0 ; y = y 0 e', t = in {yly 0 ), x=x 0 exp (/ + 1.5f 2 ) = x 0 exp [In (yly 0 ) + 1.5 
In 2 (y/yo)]- This pathline is sketched in Fig. 7-27. 


0.5 



Fundamentals of 


CHAPTER 8 

Fluid Flow 


8.1 Water flows through a 3-in-diameter pipe at a velocity of 10 ft/s. Find the (a) volume flow rate in cfs and gpm, 
(ft) weight flow rate, and (c) mass flow rate. 

I (a) Q = Av = [(jr)(^) 2 /4](10) = 0.4909 cfs = 0.4909/0.002228 = 220 gpm 

(6) W — yAv = 62.4[(^)(^) 2 /4](10) = 30.6 lb/s 

(c) M = pAv = 1.94[(jt)(£) 74](10) = 0.952 slug/s 

8.2 Benzene flows through a 100-mm-diameter pipe at a mean velocity of 3.00 m/s. Find the (a) volume flow rate in 
m 3 /s and L/min, (6) weight flow rate, and (c) mass flow rate. 

I (a) Q = Av = [(jr)(t3S5) 2 /4](3.00) = 0.0236 m 3 /s = 0.0236/0.00001667 = 1416 L/min 

(b) W = yAv — 8.62[(nr)®) 2 /4](3.00) = 0.203 kN/s 

(c) M = pAv = 879[(x)(^) 2 /4](3.00) = 20.7 kg/s 

8.3 The flow rate of air moving through a square 0.50-m by 0.50-m duct is 160 m 3 /min. What is the mean velocity of 
the air? 

I v = Q/A = 160/[(0.50)(0.50)] = 640 m/min or 10.7 m/s 


8.4 Assume the conduit shown in Fig. 8-1 has (inside) diameters of 12 in and 18 in at sections 1 and 2, respectively. 
If water is flowing in the conduit at a velocity of 16.6 ft/s at section 2, find the (a) velocity at section 1, 

(ft) volume flow rate at section 1, (c) volume flow rate at section 2, (</) weight flow rate, and (e) mass flow rate. 

I (a) A lVl =A 2 v 2 [W(ii)74](v 1 ) = [(nr)(ii) 2 /4](16.6) v t = 37.3ft/s 

(ft) Qi = A lVl = [(^r)(ii) 2 /4](37.3) = 29.3 ft 3 /s 

(c) Q 2 = A 2 v 2 = [(jt)( i§) 2 /4](16.6) = 29.3 ft 3 /s. (Since the flow in incompressible, the flow rate is the same at 
sections 1 and 2.) 

(</) W = Y A lVl = 62.4[(tt)(|§) 74](37.3) = 1828 lb/s 

(e) M = pA,v, = 1.94[(jt)(t|) 2 /4](37.3) = 56.8 slugs/s 



Fluid flow 



Fig. 8-1 


8J A gas flows through a square conduit. At one point along the conduit, the conduit sides are 0.100 m, the 

velocity is 7.55 m/s, and the gas’s mass density is (for its particular pressure and temperature) 1.09 kg/m 3 . At a 
second point, the conduit sides are 0.250 m, and the velocity is 2.02 m/s. Find the mass flow rate of the gas and 
its mass density at the second point. 

I Af = p 1 A 1 u 1 = 1.09t(0.100)(0.100)](7.55) = 0.0823 kg/s p,A,v, = p 2 A 2 v 2 

1.09[(0.100)(0.100)](7.55) = (p 2 )[(0.250)(0.250)](2.02) p 2 = 0.652 kg/m 3 

8.6 Water enters the mixing device shown in Fig. 8-2 at 150 L/s through pipe A, while oil with specific gravity 0.8 is 
forced in at 30 L/s through pipe B. If the liquids are incompressible and form a homogeneous mixture of oil 
globules in water, find the average velocity and density of the mixture leaving through the 30-cm-diameter 
pipe C. 

f M = pAv = pQ X (mass flow in unit time) in = X (mass flow in unit time),*,, 

(1000)(0.15) + [(0.8)(1000)](0.03) = (p)[(jr)(0.30) 2 /4](n) pv = 2462 kg/m 2 • s 
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8.7 


8.8 


We can assume no chemical reaction between oil and water and its mixture is incompressible; it is clear that 
volume is conserved. Hence, Q = 0.15 + 0.03 = 0.18 m 3 /s; Q = Av, 0.18 = [(tt)(0.30) 2 /4](u), v c = 2.55 m/s; 
p c = 2462/2.55 = 965 kg/m 3 . 



Mixture 


Fig. 8-2 


Water flows into a cylindrical tank (Fig. 8-3) through pipe 1 at the rate of 25 ft/s and leaves through pipes 2 and 
3 at 10 ft/s and 12 ft/s, respectively. At 4 is an open air vent. Inside pipe diameters are: D, = 3 in, D 2 = 2 in, 

D 3 = 2.5 in, D 4 = 2 in. Calculate (a) dh/dt\ (A) the average velocity of airflow through vent 4, assuming that the 
flow is incompressible. 


f («) With the entire volume of the tank as control volume. 


M = pAv = pQ ^ (mass flow in unit time) in = 2) (mass flow in unit time) out 

(p)[(*)(s) 2 /4](25) = (p)[(*)(£)74](10) + (p)[(.7r )(2.5/12) 2 /4](12) + (p)[(n)(2) 2 /4](dh/dt) 
dh/dt = 0.1910 ft/s 

(A) Consider only air in the control volume. It must be conserved. Hence, (p^ r )[(^)(A )74](t,) = 
(P.ir){(*)(2)74](0.1484), u = 21.4 ft/s. 



The piston of a hypodermic apparatus (Fig. 8-4) is being withdrawn at 0.30in/s; air leaks in around the piston at 
the rate 0.0012 in 3 /s. What is the average speed of blood flow in the needle? 

f Choose as a control volume the region between the piston and the tip of the needle. 

M = pAv = pQ 2) (mass flow in unit time) in = 2^ (mass flow in unit time)^, 
(Pb.<HH.)[(*)(0.02/12) 2 /4](u) + (p biO od)(0.0012/1728) = (p bkxxI )[(^)(0.2/12) 2 /4](0.30/12) v =2.18 ft/s 



Fig. 8-4 





f 
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8.9 Air at 30 °C and 110 kPa flows at 16 N/s through a rectangular duct that measures 160 mm by 320 mm. Compute 
the average velocity and volume flux. 

I W = yAv y = p/RT = (U0)(1000)/[(29.3)(30 + 273)] = 12.39 N/m 3 

16 = 12.39[(0.160)(0.320)](u) v = 25.2 m/s Q=Av = [(0.160)(0.320)](25.2) = 1.29 m 3 /s 

8.10 Oil (s.g. = 0.86) flows through a 30-in-diameter pipeline at 8000 gpm. Compute the (a) volume flux, (ft) average 
velocity, and (c) mass flux. 

I (a) Q = 8000/[(7.48)(60)] = 17.8 ft 3 /s 

(ft) Q=Av 17.8 = [(jr)(|§) 2 /4Kv) u = 3.63 ft/s 

(c) M = pAv = [(0.86)(1.94)][(jt)(t§) 2 /4](3. 63) = 29.7 slugs/s 

8.11 In the rectilinear chamber of Fig. 8-5, section 1 has a diameter of 4 in and the flow in is 2 cfc. Section 2 has a 
diameter of 3 in and the flow out is 36fps average velocity. Compute the average velocity and volume flux at 
section 3 if D 3 = 1 in. Is the flow at 3 in or out? 

I Qi = Qi + Qi (assuming Q 3 is out) 

2 = [(•^)(A) 2 /4](36) + Q 3 Q 3 = 0.233 cfs (out) v = Q/A = 0.233/[(^)(^) 2 /4] - 42.7 fps 


8.12 



I F® Fig. 8-5 

The water tank in Fig. 8-6 is being filled through section 1 at v 3 = 5 m/s and through section 3 at 
Q 3 ~ 0.012 m 3 /s. If water level h is constant, determine exit velocity v 2 . 

I Qi + Q 3 =Qi [(nr)(0.040) 2 /4](5) + 0.012 = Q 2 

Q 2 = 0.01828 m 3 /s v 2 = Q 2 /A 2 = 0.01828/[(^)(0.060) 2 /4] = 6.47 m/s 



Fig. 8-6 


8.13 If the water level varies in Prob. 8.12 and v 2 = 8 m/s, find rate of change dh/dt. Assume d = 1.0 m. 

I e. + <23 = Q 2 + [(^)(ioo) 2 /4](5) + 0.012 = [(jt)(t§o) 2 /4](8) + ~ [(*)(1.0) 2 /4] 



dh/dt = —5.52 mm/s (i.e., falling) 
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8.14 For the general case of the flow depicted in Fig. 8-6, derive an expression for dh/dt in terms of tank size and 
volume flows Q u Q 2 , and Q 3 at the three ports. 

I Qi-H2,-Q,+~f g. m-Q. + g,) 

at 4 at nd 

8.15 Water at 20 °C flows steadily through the nozzle in Fig. 8-7 at 60 kg/s. The diameters are D, = 220 mm and 
D 2 = 80 mm. Compute the average velocities at sections 1 and 2. 

I Q = M/p = H = 0.0601 m 3 /s 

= GMi = 0.0601 /[(jt)( 0.220) 2 /4] = 1.58 m/s t> 2 = Q/A 2 = 0.0601/[(jr)(0.080) 2 /4] = 12.0 m/s 



The inseminator in Fig. 8-8 contains fluid of s.g. — 1.04. If the plunger is pushed in steadily at 1.0 in/s, what is 
exit velocity V 2 1 Assume no leakage past the plunger. 

^ yMiFi = y 2 A 2 V 2 

[(1 04)(62.4)][(jt)( 0.80/12) 2 /4](1.0/12) = [(l-04)(62.4)]f(«r)(0.04/12) 2 /4](V^) 

V 2 = 33.3 ft/s 

(Note that the answer is independent of the fluid’s specific gravity.) 


8.17 



Repeat Prob. 8.16 assuming there is leakage back past the plunger equal to 1/4 of the volume flux out of the 
needle. Compute V 2 and the average leakage velocity relative to the needle walls if the plunger diameter is 
0.796 in. 

f Q = Q 1 =A l V 1 = [( jr)(0.750/12) 2 /4] (1.0/12) = 0.000256 ft 3 /s 

Q 2 = (|)(0.000256) = 0.000192 ft 3 /s 
v 2 = Q 2 /A 2 = 0.000192/[(jr)(0.040/12) 2 /4] = 22.0 ft/s 
Qicak = (?)(0.000256) = 0.000064 ft 3 /s 

Vieak = Gie.kM.cak = 0.000064/[(^)(0.80/12) 2 /4 - (^)(0.796/12) 2 /4] = 1.84 ft/s 


A 100-mm-diameter plunger (1) is being pushed at 60 mm/s into a tank filled with a fluid of s.g. = 0.68. If the 
fluid is incompressible, how many pounds per second is being forced out at section 2, D 2 = 20 mm? 

I A x v x =A 2 v 2 [(*)(0.100) 2 /4](0.060) = [(^)(0.020) 2 /4](n 2 ) u 2 = 1.500 m/s 

W = yAv = [(0.68)(9.79)][(^r)(0.020) 2 /4](l.500) = 0.003137 kN/s or 3.137N/s 
= 3.137/4.448 = 0.705 lb/s 


A gasoline pump fills a 80-L tank in 1 min 15 s. If the pump exit diameter is 4 cm, what is the average pump-flow 
exit velocity? 

I Q = V It = (t^)/(60 +15) = 0.001067 m 3 /s v = Q/A = 0.001067/[(n:)(0.04) 2 /4] = 0.85 m/s 
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8.20 The tank in Fig. 8-9 is admitting water at 100 N/s and ejecting gasoline (s.g. = 0.69) at 52 N/s. If all three fluids 
are incompressible, how much air is passing through the vent? In which direction? 

f Qx = Qi + C ?3 (assuming airflow is out) 

Qx = WJYtn o = 100/[(9.79)(1000)] = 0.01021 m 3 /s 

Q 2 = W 2 /y gm = 52/[(0.69)(9.79)(1000)] = 0.007698 m 3 /s 

0.01021 = 0.007698 + Q 3 Q 3 = 0.002512 m 3 /s (out) 

y air = p/RT = (l)(101.3)/[(29.3)(20 + 273)] = 0.01180 kN/m 3 

W 3 = {y^,)(Q 3 ) = (0.01180)(0.002512) = 0.00002964 kN/s or 0.0296 N/s 



8.21 Air at 72 °F and 16 psia enters a chamber at section 1 at velocity 210 fps and leaves section 2 at 1208 °F and 
202 psia. What is the exit velocity if D x = 8 in and D 2 = 3 in? Assume the flow is steady. 

f PiA x v x - p 2 A 2 V 2 p=p/RT p, = (16)(144)/[(1716)(460 + 72)] = 0.002524slug/ft 3 

p 2 = (202)(144)/[(1716)(460 + 1208)] = 0.01016 slug/ft 3 

0.002524[(nr)(£)74](210) - 0.01016[(^)(^) 2 /4](u 2 ) v 2 = 371 fps 

8.22 Kerosene (s.g. = 0.88) enters the cylindrical arrangement of Fig. 8-10 at section 1, at 0.08 N/s. The 
80-mm-diameter plates are 2 mm apart. Assuming steady flow, compute the inlet average velocity v,, outlet 
average velocity v 2 assuming radial flow, and outlet volume flux. 

f w t = y 0 ,Av, 0.08 = [(0.88)(9.79)(1000)]f(^r)(0.004) 2 /4](v,) v, = 0.739 m/s 

Q x = AjU, = [(jr)(0.004) 2 /4](0.739) = 0.00000929 m 3 /s Q 2 = Qx= 0.00000929 m 3 /s or 9.29 mL/s 
v 2 = q 2 /a 2 = 0.00000929/[(jr)(0.080)(0.003)] = 0.0123 m/s or 12.3 mm/s 



8.23 In Fig. 8-11, pipes 1 and 2 are of diameter 3 cm; D 3 = 4cm. Alcohol (s.g. = 0.80) enters section 1 at 6 m/s while 
water enters section 2 at 10 m/s. Assuming ideal mixing of incompressible fluids, compute the exit velocity and 
density of the mixture at section 3. The temperature is 20 °C. 

I Qx + Q 2 =Qi ((^)(0.03) 2 /4](6) + [(jt)(0.03) 2 /4](10) = Q 3 Q 3 = 0.01131 m 3 /s 

v 3 = Q 3 /A 3 = 0.01131/[(jr)(0.04) 2 /4] = 9.00 m/s M, + M 2 = M 3 

PalcoholAiUi + Pm 2 oA 2 V 2 = PmixtureA 3^3 

[(0. 80)(998)][(jt )(0.03) 2 /4](6) + 998[(^)(0.03) 2 /4](10) = (p ml „ ure )[(^)(0.04) 2 /4](9.00) p mixnirc = 923 kg/m 3 
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Fig. 8-11 

8.24 In the wind tunnel of Fig. 8-12, the test-section wall is porous; fluid is sucked out to provide a thin viscous 

boundary layer. The wall contains 800 holes of 7-mm diameter per square meter of area. The suction velocity 
out each hole is V s = 10 m/s, and the test section entrance velocity is V, = 46 m/s. Assuming incompressible flow 
of air at 20 °C and 1 atm, compute («) V 0 , (A) the total wall suction volume flow, (c) V 2 , and (d) V f . 

I <«) AoVo^AM [(nr)(2.6) 2 /4](V„) = [(n)(0.9) 2 /4](45) 7 0 = 5.4m/s 

(*) C? suction Wholes hole Wholes 800[(nr)(0.9)(4)] = 9048 

Qhoic = A hole y hole = [(nr)(i^o) 2 /4](10) = 0.0003848 m 3 /s 

£? suction (9048)(0.0003848) = 3.48 m 3 /s 

(c) Q\ Q 2 C? suet ion [(nr)(0.9) 2 /4](46) = Q 2 + 3.48 Q 2 = 25.78 m 3 /s 

v 2 = Q 2 /A 2 = 25. 78/[(jt)( 0. 9) 2 /4] = 40.5 m/s 

(<0 A f V f =A 2 V 2 [(7r)(2.4) 2 /4](V» = [(jr)(0.9) 2 /4](40.5) ^ = 5.70 m/s 

Test section 


Fig. 8-12 

8.25 A rocket motor is operating steadily as shown in Fig. 8-13. The exhaust products may be considered an ideal gas 
of molecular weight 26. Calculate v 2 . 

I M 2 = Af, + M 3 = 0.7 + 0.1 = 0.8 slug/s = p 2 A 2 v 2 R = 49 709/26 = 1912 lb • ft/(slug • °R) 

p 2 = p/RT = (16)(144)/[(1912)(1105 + 460)] = 0.000770 slug/ft 3 
0.8 = 0.000770[(^)(6.0/12) 2 /4 ](w 2 ) v 2 = 5291 ft/s 





Fig. 8-13 
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8.26 


For the solid-propellant rocket in Fig. 8-14, compute the rate of mass loss of the propellant, assuming the exit 
gas has a molecular weight of 30. 

d d 

■ Mn Hout “1" ^ (^propellant) 0 — M out propel! ant) 


^ (^propellant) out Pt^r 


R-^W- 277 N • m/(kg • K) p e = p,//?r e = (105)(1000)/[(277)(800)] = 0.4738 kg/m 3 
| KropeHan.) = -(0.4738)(1100) = -16.4 kg/s 



Exit section 
D, = 200 mm 
/>, = 105 kPa 
v, = 1100 m/s 
T =800K 


Fig. 8-14 


8.27 The water-jet pump in Fig. 8-15 injects water at U x = 80 ft/s through a 4-in pipe which is surrounded by a 
secondary flow of water at U 2 — 8 ft/s. The two flows become fully mixed downstream, where U 3 is 
approximately constant. If the flow is steady and incompressible, compute U 3 . 

# Qx + Qi=Q 3 l(*)(n) 2 /4](80) + ((^)[0i) 2 - ( 12 ) 2 ]/4}(8) = [(jr)(H)74](t/,) t/ 3 = 16.0 ft/s 


Mixin# Fully 

Inkl rrpon mixed 



Fig. 8-15 


8.28 


The flow in the inlet between parallel plates in Fig. 8-16 is uniform at U 0 = 50 mm/s, while downstream the flow 
develops into the parabolic laminar profile u = az(zo — z), where a is a constant. If Zq = 20 mm, compute v mmx . 

f Let b = width of plates (into paper). 


dA 


Gin=(2out ZobU 0 = j U 
ZobU 0 =J az(zo~z)bdz =ab(- 


ZqZo 


_ abzl 
3/ 6 


a = 6U 0 /Zo u = az(zo - z) = ( 6UJzQ(z)(z 0 - z ) 

u m „ occurs at z = zb/2 = 0.020/2 = 0.010m: u m „ = [(6)(0.050)/(0.020) 2 ](0.01)(0.020 - 0.010) = 0.0750m/s or 
75.0 mm/s. 



Fig. 8-16 
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8.29 Assuming the container in Fig. 8-17a is large and losses are negligible, derive an expression for the distance X 
where the free jet leaving horizontally will strike the floor, as a function of h and H. Sketch the three 
trajectories for h/H = 0.25, 0.50, and 0.75. 

I v 0 = y/2g(H — h) h = gt 2 !2 t = \fWg X = v Q t = V2 g(H - h) \f2hfg = 2 y/h(H -h) 

Fo r h/H = 0.25, or h = 0.25//, X = 2V(0.25//)(// - 0.25 H) = 0.866 //. For h/H = 0.50, or h = 0.50//, X = 
2\/(0.50 H)(H - 0.50 H) = H. For h/H = 0.75, or h = 0.75//, AT = 2V(0.75Z/)(//-0.75) = 0.866 H. These three 
trajectories are sketched in Fig. 8-17Z>. 



8 JO In Fig. 8-18 what should the water level h be for the free jet just to clear the wall? 

f v 0 = \/2gh Fall distance = gf 2 /2 = 0.40 t = 0.8944/Vg 

Horizontal distance = v 0 t = (V2gA)(0.8944/Vg) = 0.50 h =0.156m = 15.6 cm 



8 J1 When 500 gpm flows through a 12-in pipe which later reduces to a 6-in pipe, calculate the average velocities in 
the two pipes. 

I Q = 500/[(7.48)(60)J = 1.114 ft 3 /s 

Ui 2 = QM, 2 = 1.114/[(rr)(i§)74] = 1.42ft/s v 6 = Q/A 6 = 1.114/[(2r)(^) 2 /4] = 5.67 ft/s 

8 32 If the velocity in a 12-in pipe is 1.65 ft/s, what is the velocity in a 3-in-diameter jet issuing from a nozzle 

attached to the pipe? 

I A 1 v 1 =A 2 v 2 [(tf)(i§)74](1.65) = [(jr)(n) 2 /4](t> 2 ) v 2 = 26.4 ft/s 


8.33 


Air flows in a 6-in pipe at a pressure of 30.0 psig and a temperature of 100 °F. 
and velocity is 10.5 ft/s, how many pounds of air per second are flowing? 


If barometric pressure is 14.7 psia 


f y = P/RT = (30.0 + 14.7)(144)/[(53.3)(100 + 460)] = 0.2157 lb/ft 3 


W - yAv — 0.2157[(;r)(&)74](10.5) = 0.445 Ib/s 


8.34 Carbon dioxide passes point A in a 3-in pipe at a velocity of 15.0 ft/s. The pressure at A is 30 psig and the 
temperature is 70 °F. At point B downstream, the pressure is 20 psig and the temperature is 90 °F. For a 
barometric pressure reading of 14.7 psia, calculate the velocity at B and compare the flows at A and B. 

I Y=P/RT Ya — (30 + 14.7)(144)/[(35.1)(70 + 460)] = 0.3460 lb/ft 3 

YaA a v a = YbAbVb 


Yb = (20 + 14.7)(144)/[(35.1)(90 + 460)] = 0.2588 lb/ft 3 
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Since A a = A B , (0.3460)(15.0) = (0.2588)(u fl ), v B = 20.1 ft/s. The number of pounds per second flowing is 
constant, but the flow in cubic feet per second will differ because the specific weight is not constant. 

Qa = A a v a = [(■7t)(t!) 2 /4](15.0) = 0.736 ft 3 /s; Q B = A B v B = [(nr)(£) 2 /4](20.1) = 0.987 ft 3 /s. 

8.35 What minimum diameter of pipe is necessary to carry 0.500 lb/s of air with a maximum velocity of 18.5 ft/s? 
The air is at 80 °F and under an absolute pressure of 34.0 psi. 

I W = y .Av y air — p/RT = (34.0)(144)/[(53.3)(80 + 460)] = 0.170 lb/ft 3 

0.500 = (0.170)[(jr)(d) 2 /4](18.5) d = 0.450 ft or 5.40 in 

8.36 In the laminar flow of a fluid in a circular pipe, the velocity profile is exactly a true parabola. The rate of 
discharge is then represented by the volume of a paraboloid. Prove that for this case the ratio of the mean 
velocity to the maximum velocity is 0.5. 

f See Fig. 8-19. For a paraboloid, u = w ra „[l - (r/r 0 ) 2 ]. 

2 ' / * {’““I 1 - © Y* ,dr) “ 2 ^-[t _ 5sL' “ Mi' - *|] ‘ ““(?) 

Vmean = Q/A = u m „(nrl/2)/(jzrl) = u m J2. Thus V mc J Um „ = 0.5. 


Fig. 8-19 

8.37 A gas (y = 0.05 lb/ft 3 ) flows at the rate of 1.6 Ib/s past section A through a long rectangular duct of uniform 
cross section 2 ft by 2 ft. At section B, the gas weighs 0.060 lb/ft 3 . Find the average velocities of flow at sections 
A and B. 

f W = yAv 1.6 = (0.05)[(2)(2)](u yl ) v A = 8.00 ft/s 1.6 = (0.060)[(2)(2)](v fl ) u* = 6.67 ft/s 

8.38 The velocity of a liquid (s.g. = 1.26) in a 6-in pipeline is 1.6 ft/s. Calculate the flow in: (a) fP/s, (6) slug/s. 

f (a) Q = Av = [(;r)(-^) 2 /4](1.6) = 0.314 ft 3 /s 

(b) M = pAv = [(1.26)(1.94)][(jt)(£) 2 /4](1.6) = 0.768 slug/s 

8.39 Oxygen flows in a 3-in by 3-in duct at a pressure of 42 psi and a temperature of 105 °F. If atmospheric pressure is 
13.4 psia and the velocity of flow is 18 fps, calculate the weight-flow rate. 

I y = p/RT = (42 + 13.4)(144)/[(48.2)(460 + 105)] = 0.2929 lb/ft 3 

W = yAv = (0.2929)[(n)(^)](18) = 0.330 lb/s 

8.40 Air at 42 °C and at 3 bar absolute pressure flows in a 200-mm-diameter conduit at a mean velocity of 12 m/s. 
Find the mass flow rate. 

f p = p/RT = 3 x 10 5 /[(287)(273 + 42)] = 3.318 kg/m 3 M = pAv = 3.318[(jt)( 0.200) 2 /4](12) = 1.25 kg/s 

8.41 A 120-mm-diameter pipe enlarges to a 180-mm-diameter pipe. At section 1 of the smaller pipe, the density of a 
gas in steady flow is 200 kg/m 3 and the velocity is 20 m/s; at section 2 of the larger pipe the velocity is 14 m/s. 
Find the density of the gas at section 2. 



f 


p, A t u, = p 2 A 2 v 2 200[(jt)( 0. 120) 2 /4](20) = (p 2 )[(jr)(0.180) 2 /4](14) p 2 = 127 kg/m 3 
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8.42 The Peconic River is spanned by Noyack Bridge and Smith’s Bridge. At noon on July 4, the measured flows j 
under the two bridges were Q N = 50 m 3 /s and Q s = 40 m 3 /s. Neglecting losses, compute the instantaneous rate 
of water storage between the two bridges. 

f Qn - Qs = ds/dt 50 - 40 = dS/dt dS/dt = 10 m 3 /s 

8.43 A worker in a children’s playground is cleaning a slide with a hose. She observes that a horizontal stream 
directed into the low end climbs to a point 12 ft above the nozzle. What is the nozzle velocity of the stream? 

I v = Vlih = V(2)(32.2)(12) = 27.8 ft/s 

8.44 At section 1 of a pipe system carrying water the velocity is 3.0 fps and the diameter is 2.0 ft. At section 2 the 
diameter is 3.0 ft. Find the discharge and velocity at section 2. 

f Q, = Q 2 = Av = [O)(2.0) 2 /4](3.0) = 9.42 cfs v 2 = Q 2 /A 2 = 9.42/[(rr)(3.0) 2 /4] = 1.33 fps 

8.45 In two-dimensional flow around a circular cylinder (Fig. 8-20), the discharge between streamlines is 34.56 in 3 /s 
per foot of depth. At a great distance the streamlines are 0.25 in. apart, and at a point near the cylinder they art 
0.12 in. apart. Calculate the magnitudes of the velocity at these two points. 

f v = ( Q/d)/w . At great distance, v = (34.56/12)/0.25 = 11.52 in/s. Near the cylinder, v = (34.56/12)/0.12 = 
24.0 in/s. 


Fig. 8-20 

8.46 A pipeline carries oil (s.g. = 0.86) at v = 2 m/s through a 20-cm-ID pipe. At another section the diameter is 
8 cm. Find the velocity at this section and the mass flow rate. 

f Q=AiVi = [(jt)( 0.20) 2 /4](2) = 0.06283 m 3 /s v 2 = Q/A 2 = 0.06283/[(ar)(0.08) 2 /4] = 12.5 m/s 

M = pAv = [(0.86)(1000)][(*r)(0.20) 2 /4](2) = 54.0 kg/s 

8.47 Hydrogen is flowing in a 3.0-in-diameter pipe at the steady rate of 0.03 lbm/s. Calculate the average velocity 
over a section where the pressure is 30 psia and the temperature is 80 °F. 

I M = pAv p = p/RT = (30)(144)/[(765.5)(460 + 80)] = 0.01045 lbm/ft 3 

0.03 = (0.01045)[(jr)(3.0/12)74](t>) v = 58.5 ft/s 

8.48 If a jet is inclined upward 30° from the horizontal, what must be its velocity to reach over a 10-ft wall at a 
horizontal distance of 60 ft, neglecting friction? 

f (t/ I )o = u o cos30 o = 0.8660u 0 , (v z ) 0 = v 0 sin 30° = 0.5000u 0 . From Newton’s laws, x = (0.8660v o )(r) = 60, 
z = 0.5000v 0 r - 32.2f72 = 10. From the first equation, t = 69.28/ 1 > 0 . Substituting this into the second equation, 
(0.5000)(t; o )(69. 28/v 0 ) - (32.2)(69.28/u 0 )72 = 10, v 0 = 56.0 fps. 

8.49 Water flows at 10 m 3 /s in a 150-cm-diameter pipe; the head loss in a 1000-m length of this pipe is 20 m. Find the 
rate of energy loss due to pipe friction. 

I Rate of energy loss = yQH = (9.79)(10)(20) = 1958 kW 

8.50 Oil with specific gravity 0.750 is flowing through a 6-in pipe under a pressure of 15.0 psi. If the total energy 
relative to a datum plane 8.00 ft below the center of the pipe is 58.6 ft • lb/lb, determine the flow rate of the oil. 

I H = z + v 2 /2g + p/y 58.6 = 8.00 + o 2 /[(2)(32.2)] + (15)(144)/[(0.750)(62.4)] 

v = 16.92 ft/s Q = Av = [(ar)(n) 2 /4](16.92) = 3.32 ft 3 /s 
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In Fig. 8-21, water flows from A, where the diameter is 12 in, to B, where the diameter is 24 in, at the rate of 
13.2 cfs. The pressure head at A is 22.1 ft. Considering no loss of energy from A to B, find the pressure head 
at B. 


pjy + v 2 J2g + z A =PbIy + v%/2g + z B 


v A = Q/A a = 13.2/[0r)G!) 2 /4] = 16.81 ft/s 


v B = Q/A b = 13.2/[(;r)(f§) 2 /4] = 4.202 ft/s 

22.1 +16.81 2 /[(2)(32.2)] + 0 = p B /y + 4.202 2 /[(2)(32.2)] + (25.0 - 10.0) p B /y = 11.2 ft of water 



i. = 26.0 f+ 


D Fig. 8-21 


8.52 A pipe carrying oil with specific gravity 0.877 changes in size from 6 in at section E to 18 in at section R. 

Section £ is 12 ft lower than R, and the pressures are 13.2 psi and 8.75 psi, respectively. If the discharge is 
5.17 cfe, determine the lost head and the direction of flow. 

f H = z + v 2 /2g + ply. Use the lower section (E) as the datum plane. v E = Q/A E = 5.17/[(jt)(^) 2 /4] = 

26.33 ft/s, v R = Q/A r = 5.17/[(jr)(l§) 2 /4] = 2.926 ft/s; H E = 0 + 26.33 2 /[(2)(32.2)] + 

(13.2)(144)/[(0.877)(62.4)] = 45.50 ft, H R = 12 + 2.926 2 /[(2)(32.2>] + (8.75)(144)/[(0.877)(62.4)] = 35.16 ft. 

Since the energy at E exceeds that at R, flow occurs from E to R. The lost head is 45.50 — 35.16, or 10.34 ft, 
EtoR. 

8.53 A horizontal air duct is reduced in cross-sectional area from 0.75 ft 2 to 0.20 ft 2 . Assuming no losses, what 
pressure change will occur when 1.50 lb/s of air flows? Use y = 0.200 lb/ft 3 for the pressure and temperature 
conditions involved. 

f Q = 1.50/0.200 = 7.500 ft 3 /s pjy + v 2 J2g + z A =p B /y + v\/2g + z B 

p A /y + (7.500/0.75) 2 /[(2)(32.2)] + 0 = p B /y + (7.500/0.20)7[(2)(32.2)] + 0 
pjy —p B ly = 20.28 ft of air Pa~Pb — (20.28)(0.200)/144 = 0.0282 psi 

8.54 A turbine is rated at 600 hp when the flow of water through it is 21.5 cfs. Assuming an efficiency of 87 percent, 
what head is acting on the turbine? 

f Rated horsepower = (extracted horsepower)(efficiency) = (y£?H/550)(efficiency) 

600 = [(62.4)(21.5)(H)/550](0.87) H = 283 ft 

8.55 A standpipe 20 ft in diameter and 40 ft high is filled with water. Calculate the potential energy of the water if the 
elevation datum is taken 10 ft below the base of the standpipe. 

I PE = Wz = [(62.4)(40)(jt)( 20) 2 /4](10 + 40/2) = 2.35 x 10 7 ft • lb 

8J6 How much work could be obtained from the water in Prob. 8.55 if run through a 50-percent-efficient turbine 
that discharged into a reservoir 30 ft below the base of the standpipe? 

I Work = *jPE = rjWz = (0.50)[(62.4)(40)(^)(20) 2 /4](30 + f) = 1.96 x 10 7 ft • lb 

tSl Determine the kinetic-energy flux of 0.01 m 3 /s of oil (s.g. = 0.80) discharging through a 40-mm-diameter nozzle. 
I v = Q/A = 0.01 /[(?r)(0.040) 2 /4] = 7.96 m/s 

KE = mv 2 /2 = P Qv 2 /2 = [(0.80)(1000)](0.01)(7.96)72 = 253 W 

8.58 Neglecting air resistance, determine the height a vertical jet of water will rise if projected with velocity 58 ft/s. 

I PE = KE Wz = mv 2 !2 = (W/32.2)(58) z /2 


z = 52.2 ft 
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8.59 If the water jet of Prob. 8.58 is directed upward 45° with the horizontal and air resistance is neglected, how high 
will it rise? 

I At 45°, v„ = v v = (58)(0.7071) = 41.01 ft/s; Wz = mv 2 /2 = (W/32.2)(41.01) 2 /2, z = 26.1 ft. 

8.60 Show that the work a liquid can do by virtue of its pressure is J p dV, in which V is the volume of liquid 
displaced. 

I Work = J Fds. Since F = pA, work = j pAds. Since Ads = dV, work = / p dV. 

8.61 A fluid is flowing in a 6-in-diameter pipe at a pressure of 4.00 lb/in 2 with a velocity of 8.00 ft/s. As shown in 
Fig. 8-22, the elevation of the center of the pipe above a given datum is 10.0 ft. Find the total energy head 
above the given datum if the fluid is (a) water, (6) oil with a specific gravity of 0.82, and (c) gas with a specific 
weight of 0.042 lb/ft 3 . 

I H = z+v 2 /2g+p/y 

(a) H = 10.0 + 8.007[(2)(32.2)] + (4.00)(144)/62.4 = 20.22 ft 

(b) H = 10.0 + 8.00 2 /[(2)(32.2)] + (4.00)(144)/[(0.82)(62.4) = 22.25 ft 

(c) H = 10.0 + 8.007[(2)(32.2)] + (4.00)(144)/(0.042) = 13 725 ft 


Fig. 8-22 

8.62 A 100-mm-diameter suction pipe leading to a pump, as shown in Fig. 8-23, carries a discharge of 0.0300 m 3 /s of 
oil (s.g. = 0.85). If the pressure at point A in the suction pipe is a vacuum of 180 mmHg, find the total energy 
head at point A with respect to a datum at the pump. 

f v = GM = 0.0300/[(jt)®) 2 /4] = 3.820 m/s p = yh = [(13.6)(9.79)](-^) = -23.97 kN/m 2 
H = z + v 2 /2g + ply = -1.200 + 3.820 z /[(2)(9.807)] + (-23.97)/[(0.85)(9.79)] = -3.337 m 

8.63 Figure 8-24 shows a pump drawing water from a reservoir and discharging it into the air at point B. The 
pressure at point A in the suction pipe is a vacuum of 10 in mercury, and the discharge is 3.00 ft 3 /s. Determine 
the total head at point A and at point B with respect to a datum at the base of the reservoir. 

f H = z+v 2 /2g+p/y v A = Q/A a = 3.00/[(jt)(i§) 2 /4] = 5.50 ft/s 

H a = 25 + 5.50 z /[( 2)(32.2)] + [(13.6)(62.4)](-f§)/62.4 = 14.14 ft 

v B = Q/A b = 3.00/[(jt)(&) 2 /4] = 8.59 ft/s H B = (25 +15 + 40) + 8.59 2 /[(2)(32.2)] + 0 = 81.15ft 

8.64 If the total available head of a stream flowing at a rate of 300 ft 3 /s is 25.0 ft, what is the theoretical horsepower 
available? 

I P = QyH = (300)(62.4)(25.0) = 468 000 ft • lb/s = 468 000/550 = 851 hp 

8.65 A 150-mm-diameter jet of water is discharging from a nozzle into the air at a velocity of 36.0 m/s. Find the 
power in the jet with respect to a datum at the jet. 

f Q=Av = [(*)(ljgj) 2 /4](36.0) = 0-6262 m 3 /s 

H = z + v 2 !2g +ply = 0 + 36.0 2 /[(2)(9.807)] + 0 = 66.08 m 

P = QyH = (0.6362)(9.79)(66.08) = 412 kN • m/s or 412 kW 
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Fig. 8-23 




Fig. 8-24 


Oil (s.g. = 0.84) is flowing in a pipe under the conditions shown in Fig. 8-2S. If the total head loss (h L ) from 
point 1 to point 2 is 3.0 ft. And the pressure at point 2. 

I Pi/y + v?/2g + zi=/>2/y + ui/2g + 22 + Ai 

t>i - CM, = 2.08/[(*)(&) 2 /4] = 10.59 ft/s v 2 « Q/A 2 = 2.08/[(jt)(£) 2 /4] = 4.71 ft/s 
(65)(144)/[(0.84)(62.4)] + ia59 2 /[(2X32.2)] + 10.70=p 2 /y + 4.71 z /[(2)(32.2)] + 4.00 + 3.00 
p 2 /y = 183.67 ft p 2 = [(0.84)(62.4)](183.67) = 9627 lb/ft 2 or 66.9 lb/in 2 
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Point 1 
0, = 6 ia 
Pi = 65 psi 



Fig. 8-25 


8.67 


1 Pi/y + vi/2g + Zl -p 2 /y + v 2/2g + z 2 + h L 0 + 0+15 = 0 + v|/[(2)(32.2)] + 0 + 6.0 

v 2 = 24.1 ft/s Q = j4 2 t/ 2 = [(jt)(^) 74](24. 1) = 8.41 ft 3 /s 



Fig. 8-26 


8.68 


8.69 


f PJY + vV2g + z x =p 3 /y + vl/2g + z 3 + h L 0 + 0 + 5.00 = 0 + v|/[(2)(9.807)] + 0 + 3.90 
w 3 = 4.645 m/s Q = A 3 v 3 = [(^)(t®c) 74](4.645) = 0.00912 m 3 /s 

PJY + vJ2g + z x -pjy + v\/2g + Z 2 + h L 0 + 0 + 5.00 =p 2 /y + 4.6457[(2)(9.807)] + 7.00 + 1.50 
p 2 /y= -4.60m p 2 = [(0.82)(9.79)](—4.60) = —36.9kN/m 2 or -36.9kPa 
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CD 



3.0v 2 /2g, determine the volume flow rate in the siphon pipe and the absolute pressure at point 2. Assume an 
atmospheric pressure of 14.70 psia. 

I Pi/Y + vi/2g + z t = p 3 /y + vl/2g + z 3 + h L 0 + 0+10 = 0 + vf/[(2)(32.2)] + 0 + 5{u|/[(2)(32.2)]} 

v 3 = 10.36 ft/s Q =A 3 v 3 = [(?r)(^) 2 /4](10.36) = 0.509 ft 3 /s pJy + v\/2g + z 3 = p 2 /y + v\/2g + z 2 + h L 
0 + 0 + 10 = p 2 /Y + 10.36 2 /[(2)(32.2)] + 15 + 2{10.367[(2)(32.2)]} p 2 /y = -10.0 ft of oil 

p 2 = [(0.84)(62.4)](—10.0) = —524 lb/ft 2 or -3.64 lb/in 2 p 2 = 14.70- 3.64= 11.06 lb/in 2 abs 


© 



Once it has been started by sufficient suction, the siphon in Fig. 8-29 will run continuously as long as reservoir 
fluid is available. Using Bernoulli’s equation with no losses, show (a) that the exit velocity v 2 depends only 
upon gravity and the distance H and (b) that the lowest (vacuum) pressure occurs at point 3 and depends on the 
distance L + H. 

I pJy + v\/2g + z t =pJy + vl/2g + z 2 + h L , 0 + 0 + z t = 0 + uf/2 g + z 2 + 0, v 2 = V2g(zt - z 2 ) = V2gH- 
For any point B in the tube, p B ly + u|/2 g + z B = p 2 /y + vl/2g + z 2 + h L . Since v B = v 2 and p 2 = p» m , 

Pa = Pm m ~ Y(z b - Z 2 ). The lowest pressure occurs at the highest z B , or p^ =p 3 = Pom ~ y(L + H). 



Fig. 8-29 
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8.71 The siphon of Fig. 8-30 is filled with water and discharging at 150 L/s. Find the losses from point 1 to point 3 in 
terms of velocity head u 2 /2 g. Find the pressure at point 2 if two-thirds of the losses occur between points 1 
and 2. 

I p 1 /Y + v\/2g + z 1 -p i /Y + vl/2g + z 3 + h L 0 + 0 +1.5 = 0 + u|/2g + 0 + (K)(vl/2g) 

v 3 = Q/A 3 = ®)/[(*)®)74] = 4.775 m/s 1.5 = 4.775 2 /[(2)(9.807)] + K{4.775 2 /[(2)(9.807)]} 

K = 0.2904 h L = (0.2904){4.775 2 /[(2)(9.807)]} = 0.338 m 
pJY + w?/2 g + zi = pJY + v\l2g + z 2 + h L 0 + 0 + 0 = p 2 / Y + 4.775 2 /[(2)(9.807)] + (§)(0.338) 

pjY = -3.388 m of water p 2 = (-3.388)(9.79) = -33.2 kN/m 2 



8.72 For the water shooting out of the pipe and nozzle under the conditions shown in Fig. 8-31, find the height above 
the nozzle to which the water jet will “shoot” (i.e., distance h in Fig. 8-31). Assume negligible head loss. 

I Pa/y + v\!2g + z A = Ptop/Y + u?op/2 g + z,op + h L 

55.0/9.79 + v\!2g + 0 = 0 + 0+ (1.00 + h) + 0 h =4.518 + v\Hg 

PaIy + vl/2g + z A =p noal JY + v 2 aozA J2g + z nOTZlc + h L 55.0/9.79 + v 2 J2g +0 = 0 + vl oai J2g +1.100 + 0 

A A v A =A aoxxlc v nozac [(nr)(# j ) 2 /4]u /1 = [(^)(i^) 2 /4]tf nOTI , e u,k*zi. = 4.00tu 

55.0/9.79 + u^/[(2)(9.807)] + 0 = 0+ (4.00tf^)7[(2)(9.807)] + 1.100 + 0 

v A = 2.431 m/s h = 4.518 + 2.431 2 /[(2)(9.807)] = 4.82 m 

8.73 Water flows from section 1 to section 2 in the pipe shown in Fig. 8-32. Determine the velocity of flow and the 
fluid pressure at section 2. Assume the total head loss from section 1 to section 2 is 3.00 m. 

f Q = AjUj =A 2 v 2 [(*)®) 2 /4](2.0) = [(jr)(iroo) 2 /4](v 2 ) v 2 = 8.00 m/s 

Pi/y + v\/2g + Zj =p 2 /Y + vl/2g + z 2 + h L 

300/9.79 + 2.0 2 /[(2)(9.807)] + 2 = pj 9.79 + 8.00 2 /[(2)(9.807)] + 0 + 3.00 p 2 = 260 kPa 

8.74 A nozzle is attached to a pipe as shown in Fig. 8-33. The inside diameter of the pipe is 100 mm, while the water 
jet exiting from the nozzle has a diameter of 50 mm. If the pressure at section 1 is 500 kPa, determine the water 
jet’s velocity. Assume head loss in the jet is negligible. 

f Q=A 1 v l = A 2 v 2 [(^)(nro)74](u 1 ) = [(jr)(i3fe)74](u 2 ) u, = 0.250t/ 2 

pJY + v\/2g + z x =p 2 /Y + vl/2g + z 2 + A i 
500/9.79 + (0.250 u 2 ) 2 /[(2)(9. 807)] +0 = 0 + u|/[(2)(9.807)] + 0 + 0 v 2 = 32.7 m/s 
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8.75 Oil flows from a tank through 500 ft of 6-in-diameter pipe and then discharges into the air, as shown in 

Fig. 8-34. If the head loss from point 1 to point 2 is 1.95 ft of oil, determine the pressure needed at point 1 
to cause 0.60 ft 3 of oil to flow. 

I u 2 = j2M = 0.60/[(^)(n) 2 /4] = 3.06 ft/s pjy + vj/2g + z x =pjy + vl/2g + % + h L 

pjy + 0 + 80 = 0 + 3.06 2 /[(2)(32.2)] +100 +1.95 pjy = 22.10 ft of oil 

p x = [(0.84)(62.4)](22.10)/144 = 8.04 lb/in 2 

© 

(, Ui.. it. /I Elev. 100 ft 


500 ft of 

6-in-diameter pipe 


Oil 

(s.g. = 0.84) 

__ Fig. 8-34 

8.76 Water is to be delivered from a reservoir through a pipe to a lower level and discharged into the air, as shown in 
Fig. 8-35. If head loss in the entire system is 11.58 m, determine the vertical distance between the point of water 
discharge and the water surface in the reservoir. 

I v 2 — Q/A 2 — 0.00631/[(nr Xifsb) 2 / 4] = 3.214 m/s pjy + v\/2g + z x -p 2 /y + u|/2 g + z 2 + h L 

0 + 0 + Zj = 0 + 3.214 z /[(2)(9.807)] + 0 + 11.58 z, = 12.11 m 


50-mm-diameter pipe 


Q = 0.00631 m J s Fig. 8-35 

8.77 Determine the velocity and pressure at section 2 and section 3 if water flows steadily through the pipe system 
shown in Fig. 8-36. Assume a head loss of 6.0 ft from section 1 to section 2 and of 15.0 ft from section 2 to 
section 3. 

I A iVl =A 2 v 2 [(^)Oi)74](5.0) = [(^)(^) 2 /4](t; 2 ) u 2 = 20.0 ft/s 

pjy + v 2 J2g + Z\ -pjy + v\!2g + z 2 + h L 
(25)(144)/62.4 + 5.0 2 /[(2)(32.2)] + 20 = (p 2 )(144)/62.4 + 20.0 2 /[(2)(32.2)] + 15 + 6.0 
p 2 = 22.0 lb/in 2 A t v 2 = A 3 v 3 
[(^)(ii)74](5.0) = [(^)(i) 2 /4](u 3 ) v 3 = 8.99 ft/s 
pjy + V 2 j2g + Zj =pjy + vj/2g + z 3 + h L 

(25)(144)/62.4 + 5.0 2 /[(2)(32.2)] + 20 = (p 3 )(144)/62.4 + 8.89 2 /[(2)(32.2)] +10 + (15.0 + 6.0) 

p 3 = 19.9 lb/in 2 
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D, - 16 ta 
Pi - 25 N 
v, = 5 ft/* 



Compute the ideal flow rate through the pipe system shown in Fig. 8-37. 

I pjy + v\!2g + Zj = pjy + t/f/2g + z 2 + h L pjy + uf/[(2)(9.807)] + 0.6 sin 30° = p ? /y + 0 + 0 + 0 

«?/[(2)(9.807)] =pjy-pjy - 0.300 

From the manometer reading, p x - 9.79(1.2 sin 60°) = p 2 , p x -p 2 = 10.17 kN/m 2 ; ti,/[(2)(9.807)] = 10.17/9.79 - 
0.300, v, = 3.807 m/s; Q = A x v x = [W(^) 2 /4](3.807) = 0.120 m 3 /s. 



A large tank with a well-rounded, small opening as an outlet is shown in Fig. 8-38. What is the velocity of a jet 
issuing from the tank? 

f pJy+v 2 J2g + Zi=pJy + vl/2g + Z2 + h L 0 + 0 + h = 0 + v\/2g + 0 + 0 v 2 = j2gh 



Neglecting friction, find the velocity and volumetric discharge at the exit 2 in Fig. 8-39. 

I pjy + v\!2g + Zi = pjy + vl/2g + z 2 + h L 0 + 0 + (3.0 + 0.6 + 1.5) = 0 +1^/[(2)(9.807)] + 0 + 0 

v 2 = 10.0 m/s Q=Av = [(*)®74](10.0) = 0.177 m 3 /s 
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Fig. 8-39 


8.81 One end of a U-tube is oriented directly into the flow (Fig. 8-40) so that the velocity of the stream is zero at this 
point. The pressure at a point in the flow that has been stopped in this way is called the stagnation pressure. The 
other end of the U-tube measures the undisturbed pressure at that section in the flow. Neglecting friction, 
determine the volume flow of water in the pipe. 

I pjy + v\/2g + z, = pjy + v\/2g + z 2 + h L ,pJy + 0 + 0 = pjy + uf/2 g + 0 + 0, vj/2g = pjy -pjy. From 
the manometer reading, p, + (62.4 )(tj) - [(13.6)(62.4)](if) = p 2 , p, — p 2 = 163.8 lb/ft 2 ; t>!/[(2)(32.2)] = 
163.8/62.4, v 2 = 13.00 ft/s; Q = Av = [(*)(&) 2 /4](13.00) = 4.54 ft 3 /s. 


8.82 



A cylindrical tank contains air, oil, and water, as shown in Fig. 8-41; the air is under gage pressure p = 4 lb/in 2 . 
Find the exit velocity at 2, neglecting any friction and the kinetic energy of the fluid above elevation A. The jet 
of water leaving has a diameter of 1 ft. 

f pjy + v\/2g + z,= pjy + v 2 J2g + z 2 + h L p, = (4)(144) + [(0.8)(62.4)](2) = 675.8 lb/ft 2 

675.8/62.4 + 0 + 8 = 0 + u!/[(2)(32.2)] + 0 + 0 v 2 = 34.8 ft/s 


8.83 



Fig. 8-41 


A large tank contains compressed air, gasoline at specific gravity 0.68, light oil at specific gravity 0.80, and 
water, as shown in Fig. 8-42. The pressure p of the air is 120 kPa gage. If we neglect friction, what is the mass 
flow of oil from a 20-mm-diameter jet? 

f pjy + v 2 j2g + z, = pjy + v 2 J2g + z 2 + h L p, = 120 + [(0.68)(9.79)](2) = 133.3 kN/m 2 


133.3/[(0.80)(9.79)] + 0 + 0 = 0 + u|/[(2)(9.807)] + 4 + 0 v 2 = 15.98 m/s 

M = pAv = [(0.80)(1000)][( jr)( ig®) 2 /4](15.98) = 4.02 kg/s 
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A flow nozzle is a device inserted into a pipe as shown in Fig. 8-43. If A 2 is the exit area of the flow nozzle, show 
that for incompressible flow we get for Q, 



where C d is the coefficient of discharge, which takes into account frictional effects and is determined 
experimentally. 


Pa , v 2 a _Pb,v% . 

7 + S + 2 '~ 7 + % +z * + '‘ 1 


£d + Hi + 0.£5 + Sl + 0 + 0 



But Pb-Pa-P 2 ~Pi and v 2 = (v l ){A l !A 2 )\ hence, 



Multiplying by A\!A\ in the numerator and denominator of the radical gives 




In Prob. 8.84, express Q in terms of h, the height of the mercury column (Fig. 8-43), and the diameters of the 
pipe and flow nozzle. 

I From Prob. 8.84, 
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From the manometer, p 2 -p 2 = (VH g - YH 2 o)(h). 


ndl/4 

!2g(y m -YHo)(.h)l 

Lvi -(di/df) 2 v 

Yh 2 o 


8.86 A hump of height <5 is placed on the channel bed in a rectangular channel of uniform width over its entire width 
(see Fig. 8-44). The free surface has a dip d as shown. If we neglect friction, we can consider that we have 
one-dimensional flow. Compute the flow q for the channel per unit width. This system is called a venturi flume. 


PiIy + v\/2g +z 1 =p 2 /y + vl/2g + z 2 + h L 0 + v 2 J2g + h - 0 + v\t2g + (h - d) + 0 

v\ = vl-2gd A t v t =A 2 v 2 t(l)(A)](u 1 ) = [(!)(* -d- d)](u 2 ) 


Vl -U/w-rf-W «“*»■■>/■ 


-2 gd 


l/h 2 -[l/(h-d-6)] 2 



9X1 In the fountain of Fig. 8-45, water flows steadily up die vertical pipe, enters the annular region between the 

circular plates, and emerges as a free sheet. Find die volume flow of water through the pipe, if the pressure at A 
is 70 kPa gage and friction is negligible. 

I pJY + v 2 J2g+z A =p B lY + v 2 E l2g + z B + h L 

70/9.79 + i^/[(2)(9.807)] + 0 = 0 + u|/[(2)(9.807)] + 1.5 + 0 
A a v a = A b v e ((jr)(0.200) 2 /4](v^) = [(0.013 )(jt)( 0.3 + 0.3)](v E ) = 0.780u E 

70/9.79 + (0.780u £ ) 2 /[(2)(9. 807)] +0 = 0 + u|/[(2)(9.807)] + 2.0 + 0 v E = 16.06 m/s 

Q = A e v e = [(0.015)(tt)( 0.5 + 0.5)](16.06) = 0.757 m 3 /s 


0.5 m 



Fig. 8-45 
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If the velocity at point A in Fig. 8-46 is 18 m/s, what is the pressure at point B if we neglect friction? 

I Paly + v 2 g/2g + z B =p A /y + v\I 2g + z A + h L 

Pel 9.79 -I- n|/[(2)(9.807)] +0 = 0+ 18 2 /[(2)(9.807)] + (0.5 + 15) + 0 
p B = —0.4991o| + 313.5 pcly + v 2 c /2g +z c =p A /y + v A /2g + z A + h L 
0 + t»c/[(2)(9.807)] +0 = 0 + 18 2 /[(2)(9.807)] + 15 + 0 v c = 24.86 m/s A„v„ = A c v c 
K*X». > 2 /4](u b ) = [(^r)( i 55 o) 2 /4](24.86) v B = 3.496 m/s 

p B = (—0.4991)(3.496) 2 + 313.5 = 319.6 kN/m 2 



15m 


D= 75 mm 



0.5 m 



Fig. 8-46 


A rocket-powered sled is used in the training of astronauts (Fig. 8-47). For braking, scoops are lowered to 
deflect water from a stationary tank of water. To what height h does a sled traveling at 100 km/h deflect water? 

f In an inertial frame fixed to the sled, apply Bernoulli’s equation between the scoop (point 1) and the highest 
point in the trajectory (point 2); pjy + v\/2g + z x = p 2 ly + v\/2g + z 2 + h L , 0 +1/ 2 /[(2)(9.807)] +0 = 0 + 

(uj cos 20°)7[(2)(9.807)] + (h - 0.150) + 0. From the data, v, = (100)(1000)/3600 = 27.78 m/s, 
27.78 2 /[(2)(9.807)] = (27.78 cos 20°) 2 /[(2)(9.807)] + (h - 0.150), h = 4.80 m. 




(6) Fig- 8-47 



A venturi meter is a device which is inserted into a pipe line to measure incompressible flow rates. As shown in 
Fig. 8-48, it consists of a convergent section which reduces the diameter to between one-half and one-fourth the 
pipe diameter. This is followed by a divergent section. The pressure difference between the position just before 
the venturi and at the throat of the venturi is measured by a differential manometer as shown. Show that 



_ ^2 _ 

Vl - {AjA x f 
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where C d is the coefficient of discharge, which takes into account frictional effects and is determined 
experimentally. 

I Ei+}!l +z -Ei+Ei + z +h Pi + ^ + 0= Pi + ^ + 0 + 0 uf _ ui = 2 g (£iZ£i) 
y 2g y 2g y 2e v 2g 6 \ y / 


V 2g y 2g 


A ' v ' = ^ = (u2) (i;) M j t ;)] -[(a) - i ]^ = 2 «( £ it i ) 


v 2= \ hrrn V 2 * 


i -CA 2 /A 1 y 


/ Pi-P2 \ 

< y > 


Q= AV =c d A 2 ^ T :--;-j 2 yj2 g 


f Pl-P2 


Cd [vr^(.klAj 2 ^ 


P 1 -P 2 \ 

- y / 



Venturi meter 


Fig. 8-48 


A necked-down, or venturi, section of a pipe flow develops a low pressure which can be used to aspirate fluid 
upward from a reservoir, as shown in Fig. 8-49. Using Bernoulli’s equation with no losses, derive an expression 
for the exit velocity v 2 that is just sufficient to cause the reservoir fluid to rise in the tube up to section 1. 

I pilY + v\l2g+Zi=p 2 lY + v\l2g+Z2 + h L Pi/y +Vi/2g + 0=p iOn /y + v!/2g + 0 + 0 

Atv 2 = A 2 v 2 (jc dll 4)(u,) = (nd 2 2 /4)(v 2 ) u, = (u 2 )(d 2 /d,) 2 

Pily + [(n 2 )(d 2 /di) 2 ] 2 /2g =p, tm ly + u 2 /2g p* m -px - (y/3g)(nl)[(d 2 /di) 4 - 1] 

For fluid to rise in the tube, p Mm -p 2 3® yh; hence, (y/2g)(i>l)[(d 2 /di) 4 -1] ^ yh, 

I 2 gh 

U2 “ V(d 2 /d0 4 -l 



^z-Pi =At.«» 


" a,er l I Fig. 8-49 

Neglecting losses, find the discharge through the venturi meter of Fig. 8-50. 

f pi/y + v\!2g + z, = pjy + v\/2g + z 2 + h L . From the manometer, pjy ~(k + 0.200) + (z, - z 2 + k) = pjy, 
A,u, = A 2 u 2 , [(jt)(0.300) 2 /4](u 1 ) = [(jr)(0.150) 2 /4](u 2 ), u, = 0.250u 2 ; pjy + (0.250u 2 ) 2 /[(2)(9.807)] + z,= 
[pjy ~(k+ 0.250) + (z t - Zj + fc)] + i» 2 /[(2)(9.807)] + Z 2 + O, v 2 = 2.287 m/s; Q = A 2 v 2 = 

[(;r)(0.150) 2 /4](2.287) = 0.0404 m 3 /s. 

-*»~Air 

\ FTt 

... . 250mm 


,-150 mm diam 


300 mm diam 


Fig. 8-50 
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With losses of 0.2u,/2g between sections 1 and 2 of Fig. 8-50, calculate the flow in gallons per minute. 

I From Prob. 8.92, v, = 0.250t/ 2 = (0.250)(2.287) = 0.5718 m/s; pjy + (0.250u 2 )7[(2)(9.807)] + z, = 

[pjy ~(k + 0.250) + (zj — z 2 + A:)] + ti 2 /[(2)(9.807)] + z 2 + 0. For Prob. 8.93, add a term 0.2v\/2g to the 
previous equation, giving pjy + (0.250u 2 ) 2 /[(2)(9.807)] + z,= [pjy — (k + 0.250) + (z, — z 2 + A:)] + 
ul/[(2)(9.807)] + z 2 + (0.2){0.57187[(2)(9.807)]}, u 2 = 2.272 m/s; Q = A 2 v 2 = [(zr)(0.150) 2 /4](2.272) = 
0.0401 m 3 /s = [0.0401/(0.3048) 3 ](7.48)(60) = 636 gpm. 

The device shown in Fig. 8-51 is used to determine the velocity of liquid at point 1. It is a tube with its lower 
end directed upstream and its other leg vertical and open to the atmosphere. The impact of liquid against 
opening 2 forces liquid to rise in the vertical leg to the height z above the free surface. Determine the 
velocity at 1. 

I pJy + v 2 J2g+z l =p 2 /y + v 2 J2g + z 2 + h L k + v 2 j2g +0 = 0 + (k + Az) + 0 + 0 v, = V2 g Az 


Fig. 8-51 

In Fig. 8-52 the losses in the exit pipe equal Kv 2 /2g, where K = 5.0. The tank reservoir is large. Compute the 
flow rate in cubic feet per minute. 

I pJy + v\!2g + 2 , = pjy + vl/2g + z 2 + h L 

(15)(144)/[(0.86)(62.4)] + 0 + 6 = (14.7)(144)/[(0.86)(62.4)] + u|/[(2)(32.2)] + 0 + (5.0){u|/[(2)(32.2)]} 
u 2 = 8.54 ft/s Q = Av = [(zt)(t 7) 2 /4](8.54) = 0.0466 ft 3 /s or 2.80ft 3 /min 




Fig. 8-52 


The manometer fluid in Fig. 8-53 is mercury. Neglecting losses, calculate the flow rate in the tube if the flowing 
fluid is (a) water, (6) air. Use 60 °F as the fluid temperature. 

I pjy + v\/2g + -PzIy + v\l2g + z 2 + h L , pjy + v\/2g + 0 = p 2 /y + 0 + 0 + 0, p 2 -p, = (y)(vi/2g). From 
the manometer, p t + (62.4)(y/12) + [(13.6)(62.4)](/ 2 ) - (62.4)(^) - (62.4)(y/12) = p 2 , p 2 ~Pi~ 65.52lb/ft 2 ; 
(y)(u?/2g) = 65.52. 

(a) (62.4){u?/[(2)(32.2)]} =65.52 u, = 8.223 ft/s Q=A 1 v l = [(ar)(^)74](8.223) = 0.718 f^/s 

(ft) (0.0763){u?/[(2)(32.2)]} = 65.52 w, = 235.2 ft/s Q =A l v t = [(n)(^) 2 / 4](235.2) = 20.5 ft 3 /s 
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8.97 In Fig. 8-54 the fluid is air (y = 12 N/m 3 ), and the manometer fluid has s.g. = 0.827. Assuming no losses, 
compute the flow rate in L/s. 

I pjy + v 2 i/2g + Z\ = pjy + v\Hg +z 2 + h L , pjy + 0 + 0 = pjy + v\/2g +0 + 0, p. -p 2 = (y)(vj2g). From 
the manometer, p x + (12 x 10‘ 3 )(>- + 0.080) - [(0.827)(9.79)](0.080) - (12 x 10~ 3 )y = p 2 , Pl -p 2 = 

0.6467 kN/m 2 ; (y)(v 2 2 /2g) = 0.6467, (12 x KT 3 ){t^/[(2)(9.807)]} = 0.6467, v 2 = 32.51 m/s; Q = A 2 v 2 = 

[( jt) (0.050) 2 /4] (32.51) = 0.0638 m 3 /s = 63.8 L/s. 



8.98 The flow from two reservoirs mixes together and flows through a common pipe. The elevations and pipe 

diameters are indicated in Fig. 8-55. Both reservoirs contain the same liquid and are open to the atmosphere. 
The common pipe empties to the atmosphere. Neglecting any frictional effects, find the flow rate through the 
common pipe. 

I pJy + v 2 J2g + z 1 =p 2 ly + vll2g + z 2 + h L p mxm /y + 0 + /i, =p 2 /y + v\/2g + 0 + 0 

P«m + Yhi = Pz + yv\/2g ( 1 ) 

pjy + V 2 j2g + z 3 = pjy + v 2 J2g + z 4 + h L p.^/y + 0 + h 2 =pjy + v 2 J2g + 0 + 0 

Pa.ro + yh 2 = p 4 + yv 2 j2g (2) 

pjy + v 2 J2g + z 5 -pjy + vl/2g + z 6 + h L pjy + v 2 J2g + 0 =p atm /y + v 2 J2g + (~/i 3 ) + 0 
Since v 5 = v 6 , 

Ps=P*tm-yh 3 (3) 

Assume p 5 =p 2 = P*- Substituting this common va lue of pressure bac k into Eqs. (1) and (2) and solv ing for the 
velocity in each branch, we get v 2 = V2 g(h x + h 3 ), v 4 = J2g(h 2 + hj Q-Av- {nd 2 JA)\j2g{h x + h 3 ) + 
(jtd 2 J4)j2g(h 2 + h 3 ) = (^/4)[d 2 V2g(fi 1 + h 3 ) + dlJ2g(h 2 + hj). 


8.99 A steady jet of water comes from a hydrant and hits the ground some distance away, as shown in Fig. 8-56. If 
the water outlet is 1 m above the ground and the hydrant water pressure is 862 kPa, what distance from the 
hydrant does the jet hit the ground? Atmospheric pressure is 101 kPa. 

f The magnitude of v x can be obtained by noting that at the hydrant outlet the flow is entirely in the x 
direction, v x = V 2 . Applying the Bernoulli equation between the interior of the hydrant and the outlet gives 
Pi + Pgyi + 2 PV 1 =p 2 + Pg )>2 +1 pV\. The pressure in the hydrant p x is given, and the outlet is open to the 
atmosphere, p 2 = p, tm . The elevation of points 1 and 2 is the same, y t = y 2 . We assume that the outlet area is 
small enough compared with the hydr ant cross-sectiona l area for the hydrant to be essentially a reservoir, 

V 2 « V\. Neglecting V u we get v x = J(2/p)(p 1 -p atm ). Since v x is constant, it can be brought outside the 
integral for l, giving l = v x T. 

To find the time T required for a fluid particle to hit the ground, we apply the Bernoulli equation between 
point 1 and some arbitrary point on the jet having elevation y and velocity V: p x + pgh = p atm + pgy + \pV 2 . 
Now V 2 = v 2 x + u 2 . When we use the previously determined value of v x and note that v y = dy / dt, the Bernoulli 
equation becomes (dy/dt) 2 = 2g(h - y). We tak e the square root (the negative root is the appropriate one since 
dyjdt must be negative): dy/dt = —J2g(h -y). Then we separate variables and integrate between the limits of 
y = h, t = 0 and y = 0, t=T: 



Integrating and solving for T gives T = J2h/g. The y component of the fluid motion is that of a body freely 
falling under the influence of gravity. 

Finally, we substitute numerical values to get v x = Vraio 1(862 - 101)(1000)1 = 39.0 (m • N/kg) 1 ' 2 , or 39.0 m/s; 
T = V(2)(1.0)/9.807 = 0.452 s ,L = vt = (39.0)(0.452) = 17.6 m. 
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Reservoir 2 


Reservoir 1 


Datum for 
potential energy 


'P»lm 05 


Water flows between the two reservoirs in Fig. 8-57 at the rate of 16 L/s. What is the head loss in the pipe? If 
atmospheric pressure is 100 kPa and the vapor pressure is 8 kPa, for what constriction diameter d will cavitation 
occur? Assume no additional losses.due to changes in the constriction. 

I pjy + 1>?/2 g + z, =pjy + vl/2g +z 2 + h L , 0 + 0 + 20 - 0 + 0 + 5 + h L , h L = 15 m; v, hrojit = Q/A , hro „ = 
0.016/(^d 2 /4). Assume a central constriction, with t, or 7.5-m head loss on each side. Apply Bernoulli’s 
equation between point 1 and the constriction, with p v = p Mm = 100 kPa and p v = 8 kPa at the constriction. 
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100/9.79 + 0 + 20 = 8/9.79 + vL*/[(2)(9.807)] + 0 + 7.5, = 20.7 m/s; 20.7 = 0.016/0rrf 2 /4), d = 0.0314 m, or 

2.98 cm. 



8.101 The horizontal wye fitting in Fig. 8-58 splits Q , into two equal flow rates. At section 1, Ci = 4 ft 3 /s and 
Pi = 20 psig. Neglecting losses, compute pressures p 2 and p 3 . 

I p,/y + i>?/2g + Zi =p 2 /y + vl/2g + z 2 + h L u, = QJAi ~ 4/[(jt)(t|) 2 /4] = 20.37 ft/s 

v 2 = Q 2 /A 2 = |/[(jr)(£) 2 /4] = 22.92 ft/s 

(20)(144)/62.4 + 20.37 2 /[(2)(32.2>] + 0 = (p 2 )(144)/62.4 + 22.92 2 /[(2)(32.2)] +0 + 0 
p 2 = 19.3 psig pjy + wjf/2g + z, =p 3 /y + v 3 /2g + z 3 + h L v 3 = Q 3 /A 3 = |/[(jr)(^) 2 /4] = 40.74 ft/s 
(20)(144)/62.4 + 20.37 2 / [(2) (32.2)] + 0 = (p 3 )(144)/62.4 + 40.74 2 /[(2)(32.2)] + 0 + 0 p 3 = 11.6 psig 



8.102 A cylindrical tank of dia m eter d 0 contains liquid to an initial height h 0 . At time ( = 0a small stopper of diameter 
d is removed from the bottom. Using Bernoulli’s equation with no losses, derive a differential equation for the 
free-surface height h during draining and an expression for the time t 0 to drain the entire tank. 

f Letting point 1 be the liquid surface and point 2 at the exit, p x !y + v\/2g + z, = p 2 /y + vl/2g + z 2 + h L , 

0 + v\/2g + h-0 + vl/2g + 0 + 0, v\ = vl~2gh ', AiV 3 = A 2 v 2 , (jtd 2 0 l4)(v t ) - (jtd 2 /4)(v 2 ), v 2 = (d 0 /df(vi); 
v\ = [(d 0 /d) 2 (v i)] 2 - 2gh, Vi = y/2gh/{dt/d 4 -1). Or v 2 = VKh where K = 2g/[(d 0 /d)* - 1]. But also, 

Vi = -dh/dt, dh/dt = -\/Kh 

= f'-VKdt (2)[h'%=-VK[t]' 0 (2 )(h m -hl a )=-\fKt h^(hl n -~ ) 

Or, h = {hf - [g/(2)(do/d* - l)] lr2 t} 2 . 

8.103 In the water flow over the spillway in Fig. 8-59, the velocity is uniform at sections 1 and 2 and the pressure 
approximately hydrostatic. Neglecting losses, compute v t and v 2 . Assume unit width. 

I pjy + v\/2g + z, =p 2 /y + vl/2g + z 2 + h L 0 + v\/2g + 6 = 0+ vl/2g + 1 + 0 

AiVi=A 2 v 2 [(6)(l)](t»j) = [(l)(l)](w 2 ) v 2 = 6vi 

v?/[(2)(9.807)] + 6 = (6uj) 2 /[(2)(9.807)] + 1 w, = 1.67 m/s v 2 = (6)(1.67) = 10.02 m/s 
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Fig. 8-59 


8.104 


For the water channel flow down the sloping ramp of Fig. 8-60, /», = 1 m, H = 3 m, and u, = 4 m/s. The flow is 
uniform at 1 and 2. Neglecting losses, And the downstream depth h 2 and show that three solutions are possible, 
of which only two are realistic. Neglect friction. 

f Pi/r + v\ng + z t —p 2 ly + v\ng + z 2 + h L 0 + 4 2 /[(2)(9.807)] + (3 + 1) = 0 +t>l/[(2)(9.807)] + h 2 + 0 

A 1 v l =A 2 v 2 [(1)(1)](4) = [(/» 2 )(1)](u 2 ) v 2 = 4/h 2 
4 2 /[(2)(9.807)] + 4 = (4//i 2 ) 2 /[(2)(9.807)] + h 2 h\- 4.816*1 + 0.8157 = 0 


There are three mathematical solutions to this equation: 


h 2 = 4.78 m 
h 2 = 0.432 m 
h 2 = —0.3% m 


(subcridcal) 

(supercritical) 

(impossible) 



8.105 For water flow up the sloping channel in Fig. 8-61, h 1 = 0.5 ft, v x = 15 ft/s, and H = 2 ft. Neglect losses and 
assume uniform flow at 1 and 2. Find the downstream depth h 2 and show that three solutions are possible, of 
which only two are realistic. 

I pjy + v?/2g +z t = p 2 /y + vll2g +z 2 + h L 0 + 15 z /[(2)(32.2)] + 0.5 - 0 + u|/[(2)(32.2)] + (2 + h 2 ) + 0 
A lVl =A 2 v 2 [(0.5)(1)](15) = [(* 2 )(1)](w 2 ) v 2 = rs/h 2 
15 2 /[(2)(32.2)] + 0.5 = (7.5//i z ) 2 /[(2)(32.2)] + (2 + h 2 ) h\ - 1.994*1 + 0.8734 = 0 
There are three mathematical solutions to this equation: 

* 2 = 1.69 ft (subcritical) 
h 2 = 0.887 ft (supercritical) 
h 2 = —0.582 ft (impossible) 





Fig. 8-61 
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8.106 A constant 12-lb force is applied to the piston in Fig. 8-62, and flow losses are negligible. Compute the water-jet 
exit velocity v 2 . 

# Pily + t>i/2 g +z t = p Mm /y + vl/2g + z 2 + h L . Considering the force acting on the piston, 12 = 

(Pi -p»tm)[(^)(fe) 2 /4], Pi Pa,m = 34.38 lb/ft 2 ; A 1 v l =A 2 v 2 , [(n)(&) 2 /4](v,) = [(n)(£) 2 /4](v 2 ), v, = 0.250w 2 ; 
(Pi -P.«m)/r + (0.250 v 2 ) 2 /[(2)(32.2)] + 0 = w|/[(2)(32.2)] + 0 + 0, 34.38/62.4 + (0.250u 2 )7[(2)(32.2)] + 0 = 
v!/[(2)(32.2)] + 0 + 0, v 2 = 6.15 ft/s. 



Fig. 8-62 


Fig. 8-63 


8.107 


The horizontal lawn sprinkler of Fig. 8-63 is fed water through the center at 1.2 L/s. If collar friction is 
negligible, what is the steady rotation rate for (a) 0 = 0° and ( b ) ib* 30°? 


I 


Q (1.2 x IQ" 3 )/3 
A (jt)(0.007) 2 /4 


= 10.39 m/s 


Choose an inertial (nonrotating) frame with origin at the center of the sprinkler; let (p, <f>) be polar coordinates 
relative to this frame. 

An emergent water jet has velocity components 


v p = v 0 sin 6 v 0 = v 0 cos 6 — rut 


For zero reactive torque—the criterion for the steady state—u* = 0, or co = (u 0 cos 0)/r. 

(а) u> = (10.39)(cos0°)/0.20 = 51.95 rad/s or 496 rpm 

(б) oo = (10.39)(cos 30°)/0.20 = 44.99 rad/s or 430 rpm 


8.108 Water flows at 6 ft/s through a pipe 500 ft long with diameter 1 in. The inlet pressure p, = 200 psig, and the exit 
section is 100 ft higher than the inlet. What is the exit pressure p 2 if the friction head loss is 350 ft? 

I pJY + v 2 J2g + Zi=p 2 lY + vl/2g + z 2 + h L 

(200)(144)/62.4 + v 2 J2g + 0 = (p 2 )(144)/62.4 + v\t2g + 100 + 350 v\/2g = v\t2g p 2 = 5.00 psig 

8.109 A 30-in-diameter pipeline carries oil (s.g. = 0.86) at 600 000 barrels per day. The friction head loss is 10 ft per 
1000 ft of pipe. Compute the pressure drop per mile. 

I p 1 /Y + v 2 i/2g+z l =p I lY + vll2g + z 2 + h L 

Pi/[(0.86)(62.4)] + v\!2g + 0 = p 2 /[(0.86)(62.4)] + v\!2g + 0 + (10/1000)(5280) 
v\/2g = vl/2g Pi—Pz = 2833 lb/ft 2 or 19.7 lb/in 2 


8.110 The long pipe in Fig. 8-64 is filled with water. When valve A is closed, p 2 —p i = 12 psi. When the valve is open 
and water flows at 10 ft 3 /s, p x —p 2 = 25 psi. What is the friction head loss between 1 and 2 for the flowing 
condition? 

I 


PilY + vl/2g + Zi =p 2 /Y + vl/2g + z 2 + h L 


vl/2g = v\/2g 
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Valve closed: 

t Pi ~ Pi)(144)/62.4 = z, - z 2 z,-z 2 = (12)(144)/62.4 = 27.69 ft 

Valve open: 

Oh -p 2 )(144)/62.4 + (z, - z 2 ) = (25)(144)/62.4 + 27.69 = **.= 85.4 ft 



8.111 Find the manometer reading in the lossless system of Fig. 8-65. 

f pjy + v\/2g + z t =p 2 ly + vl/2g + z 2 + h L 

A l v l =A 2 v 2 t(jr)(^) 2 /4](2) = [(.rr)(n) 2 /4](v 2 ) v 2 = 18. Oft/s 
p x ly + 2 2 /[(2)(32.2)] + 0 = 0+ 18.07[(2)(32.2)] + 8 + 0 pjy = 12.97 ft 
For the manometer, 12.97 + 2.5 — 13.6h = 0, h = 1.14 ft. 



Mercury Fig. 8-65 

8.112 In Fig. 8-66 on p. 188 the pipe exit losses are (1.5)u 2 /2g, where v is the exit velocity. What is the exit weight 
flux of water? 

f pjy + v\/2g + z, =p 2 ly + vl/2 g + z 2 + h L Pi = (20)(144) + [(0.68)(62.4)](4) = 3050 lb/ft 2 

3050/62.4 + 0 + 5 = 0 + w|/[(2)(32.2)] +0 + (1.5){v|/[(2)(32.2)]} v 2 = 37.25 ft/s 
W = yAv = (62.4)[( 2 r)(^) 2 /4](37.25) = 50.7 lb/s 

8.113 In Fig. 8-67 the fluid is water, and the pressure gage reads p, = 180 kPa gage. If the mass flux is 15 kg/s, what is 
the head loss between 1 and 2? 

f pJy + v\l2jg + z l =p 2 ly + v\l2g + z 2 + h L 

M = pAv 15 = 1000[(jr)(0.08) 2 /4](ir,) v, = 2.984 m/s 15 = 1000[(jr)(0.05) 2 /4](v 2 ) v 2 = 7.639 m/s 
180/9.79 + 2.984 2 /[(2)(9.807)] + 0 = 0 + 7.639 2 /[(2)(9.807)] + 12 + h L h L = 3.86 m 
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8.114 Oil at specific gravity 0.761 flows from tank A to tank E, as shown in Fig. 8-68. Lost head items may be 

assumed to be as follows: A to B = 0.60v\ 2 /2g; B to C = 9.0v\ 2 /2g; C to D = 0.40i»l/2g; D to E = 9.0vl/2g. 
Find the flow rate and the pressure at C. 

I pjy + v 2 Jlg + z A =p E lY + v%/2g + Ze+Ji l 

0 + 0 +40.0 = 0 + 0 + 0 + (0.60t>? 2 + 9.0 v \ 2 + 0.40vi + 9.0v|)/[(2)(32.2)] 

9.60uf 2 + 9.40ui = 2576 A t v t = A 2 v 2 [(^)(H) 2 /4](u 12 ) = [(*)(&)74](v 6 ) v 6 = 4.00u 12 

9.60uf 2 + (9.40)(4.00 u 12 ) 2 = 2576 u 12 = 4.012 ft/s 

Q=Av = [(jt) 0§)74](4.O12) = 3.15 ft 3 /s 
Pa/v + Va/ 2g + z A =Pc/y + v 2 c/2g + z c + h L 
0 + 0 + 40.0 = (p c )(144)/[(0.761)(62.4)] + 4.012 2 /[(2)(32.2)] 

+ (40.0 + 2) + [(0.60)(4.012) 2 + (9.0)(4.012) 2 ]/[(2)(32.2)] 
p c = —1.53 lb/in 2 



Fig. 8-68 


8.115 (a) What is the pressure on the nose of a torpedo moving in salt water at 100 ft/s at a depth of 30.0 ft? ( b ) If the 

pressure at point C on the side of the torpedo at the same elevation as the nose is 10.0 psig, what is the relative 
velocity at that point? 

f (a) In this case, greater clarity in the application of the Bernoulli equation may be attained by considering 
the relative motion of a stream of water past the stationary torpedo. The velocity of the nose of the torpedo will 
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8.116 


8.117 


8.118 


8.119 


then be *». Assume no los, head m the stremntube from a point Am the undislwbedumteri^ ahead of >he 

torpedo Co a point B on the nose of the Impede: Pu/r +• »afl» ■„V 6 «' n„ pressure is 
100 2 /1(2)(32.2)] + 0=PbIy + 0 + 0 + 0, p B l y = 185.3 ft, p B - (64.2)(185.3)/144 psi. P 

called the stagnation pressure and may be expressed as p, p 0 + P v ol ■ 

(b) pjy + v 2 J2g + z a =PcIy + v 2 c/2g + z c + h L 

30 0 + 1007[(2)(32.2)] + 0 = (10.0)(144)/64.2 + u 2 c /[(2)(32.2)] +0 + 0 v c = 102.4 ft/s 

the sphere at a point B, 75° from the stagnation point, if the velocity there is 220.0 Is. 

, J D k « 11 s n - „ + ov 2 I2 = (14 71(144) + (0.00238)(100.0) z /2 = 2129 lb/ft 2 , or 14.8 lb/in . p s /Y + 

' - n ly+'Jli + z. + £, 2129/1(0 00238) 32.2)] + 0 + 0 - p.ly + 220. W[(2)(32.2)] + 0 + 0. 

27 airfp?- «5.^)(32i)l(27 029) = 2071 Ib/ft*. on 14.4 Ib/rf. 

A large closed tank is filled with ammonia (NH,) under a pressure of 5.30 psig and at 65 °F. The ammonia 

is 89.5 ft/°R. . 

Ijigf^T: (S J 3kiC>/0.0612» + 

0 + 0 = 0 + ui/[(2)(32.2)] + 0 + 0, u 2 = 896 ft/s. 

Water at 90 °F is to be lifted from a sump at a velocity of 6.50 ft/s through the suction pipe of a pump. Calculate 

the theoretical maximum height of the pump setting under the following conditions. p atm 1 • P . 

p = 0.70 psia, and h L in the suction pipe = 3 velocity heads. 

I The minimum pressure at the entrance to the pump cannot be less than the vapor pressure ofThe 
Apply Bernoum’s equation betweenthe1+ 6SoP/[(2)(32.2)l + 

; + 2{6. 507[(2)(32/2)]}, z 2 = 28.8 ft! (Under these conditions, serious danjage due to cavitation will probably 
occur.) 

For the Venturi meter shown in Fig. 8-69, the deflection of mercury in the differential gage is 14.3 in. Determine 
the flow of water through the meter if no energy is lost between A and B. 
f Pa/y + v 2 J2g + z A =p B /Y + v\I 2 8 + Zs + h L 

Pa/y + u 2 /[(2)(32.2)] + 0 = PbIy + « 2 ./[(2)02.2)] + 30.0/12 + 0 pjy - Pb/y = 0.01553(u 2 B - v 2 ,) + 2.500 

A a v a = A b v b [(*)(8)74](tu) = [(^)(^) 2 /4 ](u b ) v a = 0.250w„ 

From the manometer, pjy + * + 14-3/12 - (13-6X14 3/12)-z - *-W-P.I*Pa J 7 - 52 **. 

17.52 = 0.01553[u 2 b -(0.250u b ) 2 ] +2.500, u B = 32.12 ft/s; Q = Av = [(*)(£) /4](32.12) - 6.31 tt /«. 



Fig. 8-69 
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8.120 For the meter in Fig. 8-69, consider air at 80 °F with the pressure at A — 37.5 psig. Consider a deflection of the 
gage of 14.3 in of water. Assuming that the specific weight of the air does not change between A and B and that 
the energy loss is negligible, determine the amount of air flowing in pounds per second. 

# Pa/Y + v\/2g + z A =p B /y+ vl/2g + z B + h L 

Pa/y + *£/[(2)(32.2)] + 0 = Pb /y + u|/[(2)(32.2)] + 30.0/12 + 0 p A /y -p B /y = 0.01553(u| - 1 »*) + 2.500 

A a v a = A b v b [{n){%f/A\(v A ) = [(^r)(u) 2 /4](u B ) v a = 0.250v b 

y = p/RT y air = (37.5 +14.7)(144)/[(53.3)(460 + 80)] « 0.2612 lb/ft 3 

From the manometer, pjy + z + 14.3/12 — (62.4/0.2612)(14.3/12) — z — 30.0/12 =p B /Y, pjy ~ PbIy — 

286.0 ft of air; 286.0 = 0.01553[u| - (0.250u B ) 2 ] + 2.500, v B = 139.5 ft/s; W=yAv = 

0.2612[(;/r)(&) 2 /4](139.5) = 7.15 lb/s. 

8.121 Given a frictionless flow of water at 125.6 f^/s in a long, horizontal, conical pipe, of diameter 2 ft at one end 
and 6 ft at the other. The pressure head at the smaller end is 18 ft of water. Find the velocities at the two ends 
and the pressure head at the larger end. 

f v t = Q/A t = 125.6/[(jt)( 2) 2 /4] = 39.98 ft/s v 2 = Q/A 2 = 125.6/[(jt)( 6) 2 /4] = 4.44 ft/s 

Pi/Y + v\/2g +z,= p 2 /y + v\l2g + z 2 + h L 

18 + 39.98 2 /[(2)(32.2)] + 0 = pjy + 4.44 2 /[(2)(32.2)] + 0 + 0 p 2 /y = 42.5 ft of water 

8.122 Water flows through a long, horizontal, conical diffuser at the rate of 4.0 m 3 /s. The diameter of the diffuser 
varies from 1.0 m to 2.0 m; the pressure at the smaller end is 8.0 kPa. Find the pressure at the downstream end 
of the diffuser, assuming frictionless flow and no separation from the walls. 

f pjy + v\/2g + z, =p 2 /y + v\!2g + z 2 + h L 

Vl = Q/A, = 4.0/[(tt)( 1.0) 2 /4] = 5.093 m/s v 2 = Q/A 2 = 4.0/[(jt)( 2.0) 2 /4] = 1.273 m/s 

8.0/9.79 + 5.093 2 /[(2)(9.807)] + 0 = p 2 /9.79 + 1.273 2 /[(2)(9.807)] + 0+1+ p 2 = 20.13 kPa 

8.123 A vertical pipe 3 ft in diameter and 30 ft long has a pressure head at the upper end of 22 ft of water. When water 
flows through it with mean velocity 15 fps, the friction loss is 6 ft. Find the pressure head at the lower end of the 
pipe when the flow is (a) downward and (6) upward. 


I (a) 

pJy + «?/2g + Zi=p 2 ly + v\/2g + z 2 + h L 



22 + 15 2 /[(2)(32.2)] + 30 = pjy + 15 2 /(2)(32.2)] + 0 + 6 

p 2 /y = 46.0 ft 

(A) 

pjy + vl/2g + Zz =pJy + v\/2g + Zi + h L 



p 2 /y + 15 2 /[(2)(32.2)] + 0 = 22 + 15 2 /[(2)(32.2)] + 30 + 6 

p 2 /y = 58.0ft 


8.124 A vertical conical pipe has diameter 1.5 ft at the top and 3.0 ft at the bottom, and is 60 ft long. The friction loss 
is 10 ft for flow in either direction when the velocity at the top is 30 fps and the pressure head there is 6.5 ft of 
water. Find the pressure head at the bottom when the flow is (a) downward and (ft) upward. 

I Q= AiVi = [(nr)(1.5) 2 /4](30) = 53.01 ft 3 /s v 2 = Q/A 2 = 53. 01/[(tt)( 3.0) 2 /4] = 7.50 ft/s 


(a) 

PilY + v\/2g +Zi=p 2 /y + vl/2g + z 2 + h L 



6.5 + 30 2 /[(2)(32.2)] + 60 = p 2 /y + 7.50 2 /[(2)(32.2)] + 0+10 

p 2 /y = 69.6 ft 

(6) 

pJY + vl/2g + z 2 =p r /y + vl/2g + Zi + h L 



pjy + 7.5 z /[(2)(32.2)] + 0 = 6.5 + 30 2 /[(2)(32.2)] + 60 + 10 

p 2 /y = 89.6ft 


8.125 The inclined pipe in Fig. 8-70 is of uniform diameter. The pressure at A is 20 psi and at B, 30 psi. In which 

direction is the flow, and what is the friction loss of the fluid, if the liquid has specific weight (a) 30 lb/ft 3 and 
(ft) 100 lb/ft 3 ? 

I PaIy + v a /2 g + z A = p B ly + v 2 b /2g + z B + h L . Assume flow is from A to B. 






I 
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(a) (20)(144)/30 + v\/2g + 25 = (30)(144)/30 + v 2 J2g + 0 + h L , v\/2g = v%/2g, h L = -23.0 ft. Since h L is 
negative, flow is actually from B to A. 

( b ) (20)(144)/100 + v 2 J2g + 25 = (30)(144)/100 + v%/2g + 0 + h L , v 2 J2g = v%/2g, h L = 10.6 ft. Since h L is 
positive, flow is from A to B, as assumed. 


Fig. 8-70 

8.126 In Fig. 8-70, if the difference in elevation between A and B is 10 m and the pressures at A and B are 150 kPa 
and 250 kPa, respectively, find the direction of flow and the head loss. The liquid has specific gravity 0.85. 

f Pa/y + v a/2k + z a~ Pb/y + u|/2 g + z B + h L . Assume flow is from A to B. 150/[(0.85)(9.79)j + v\/2g + 

10 = 250/[(0.85)(9.79)] + v 2 „/2g + 0 + h L , v\/2g = u|/2 g, h L = -2.02 m. Since h L is negative, flow is actually 
from B to A. 

8.127 An irrigation line carries water from a lake down into an arid valley floor 810 ft below the surface of the lake. 
The water is discharged through a nozzle with a jet velocity of 220 fps; the diameter of the jet is 4 in. Find the 
power of the jet and the power lost in friction. 

f Pa/y + v 2 J2g + z A = Pb Iy + v%l2g + z B + h L 0 + 0 + 810 = 0 + 220 2 /[(2)(32.2)] + 0 + h L 

h L = 58.45 ft Q = Av — [(;r)(£) 2 /4](220) = 19.2 fp/s 
/%, = QYvll2g = (19.2)(62.4){220 2 /[(2)(32.2)]} = 900 000 ft • lb/s = 900 000/550 = 1636 hp 
Pta, - QyK = (19.2)(62.4)(58.45) = 70 000 ft- lb/s = 70 000/550 = 127 hp 

8.128 Water is flowing in a channel, as shown in Fig. 8-71. Neglecting all losses, determine the two possible depths of 

flow y t and y 2 - _y' 

f Pa/y + v 2 A /2g +z A =p B ly + vl/2g + z B + h L 

Q = A a v a = [(4)(10)](16.1) - 644ft 3 /s v B = Q/A B = 644/(10y) = 64.4/y 

0 +16. l z /[(2)(32.2)] + (8 + 4) = 0 + (64.4/y) z /[(2)(32.2)] +y + 0 64A/y 2 + y - 16.02 = 0 

y 3 -16.02y 2 +64.4 = 0 ^ = 2.16 ft y 2 = 15.8 ft 




8.129 Neglecting all losses, in Fig. 8-71 the channel narrows in the drop to 6 ft wide at section B. For uniform flow 
across section B, determine the two possible depths of flow. 

f p A lY + v\l2g + z A =p B /Y + v 2 B l2g + z B + h L 

Q = A a v a = [(4)(10)](16.1) = 644 fP/s v B = Q/A„= 644/(6y) = 107.3/y 

0 + 16.1 2 /[(2)(32.2)] + (8 + 4) = 0 + (107.3/y) 2 /[(2)(32.2)] +y+ 0 178.8/y 2 +y - 16.02 = 0 

y 3 -16.02y 2 +178.8 = 0 * = 3.83 ft * = 15.3 ft 
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8.130 If the losses from section A to section B of Fig. 8-71 are 1.9 ft, determine the two possible depths at section B. 

I PAlY + VA/2g + z A =*p B /Y + vl/2g+z B + h L 

Q = A a v a = [(4)(10)](16.1) = 644 ft 3 /s v B = Q/A B = 644/(10y) = 64.4 /y 
0 +16. l 2 /[(2)(32.2)] + (8 + 4) = 0 + (64.4/y ) 2 /[(2)(32.2)] + y + 1.9 64.4 /y 2 +>-14.12 = 0 

> 3 -14.12> 2 +64.4 = 0 > t = 2.34ft y 2 = 13.8ft 

8.131 High-velocity water flows up an inclined plane, as shown in Fig. 8-72. Neglecting all losses, calculate the two 
possible depths of flow at section B. 

I pJy + v A /2g + z a =Pb/y + v%/ 2g + z B +h L 

Q = A a v a = [Onx»)(2)](9.806) = 9.806 m 3 /s v B = Q/A B = 9.806/(2>) = 4.903/y 
0 + 9.806 2 /[(2)(9.807)] + = 0 + (4.903/>) 2 /[(2)(9.807)] + (2.5 +>) + 0 1.226/y 2 +> - 2.903 = 0 

> 3 -2.903> 2 +1.226 = 0 * = 0.775 m > 2 = 2.74 m 



A B Fig. 8-72 

8.132 In Fig. 8-72, the channel changes in width from 2 m at section A to 3 m at section B. For losses of 0.3 m between 
sections A and B, find the two possible depths at section B. 

I Pa/y + v\/2g + z A =p„lY + v 2 B /2g + z B +hi. Q -A a v a = [C$&)(2)](9.806) = 9.806 m 3 /s 

v B = Q/A b = 9.806/(3>) = 3.269/> 

0 + 9.806 2 /[(2)(9.807)] + ^ = 0 + (3.269/>) 2 /[(2)(9.807)] + (2.5 +>) + 0.3 
0.5448/> 2 + >-2.603 = 0 > 3 -2.603> 2 + 0.5448 = 0 y t = 0.510 m > 2 = 2.52 m 

8.133 For losses of 0.05 H through the nozzle of Fig. 8-73, what is the gage difference R in terms of HI 

I 1.2H + 1.2y +1.2/? — 3.0 jR — 1.2y = (0.95)(1.2)(H) /T=0.0333H 


in diam 

_T_ 


s. 9 -=3.0 Fig. 8-73 

8.134 Neglecting losses, calculate H in terms of R for Fig. 8-73. 

I 1.2 H + 1.2y + 1.21? - 3.01? - 1.2> = 1.2 H. Therefore, R = 0 for all H. 

8.135 At point A in a pipeline carrying water, the diameter is 1 m, the pressure 100 kPa, and the velocity 1 m/s. At 
point B, 2 m higher than A, the diameter is 0.5 m and the pressure is 20 kPa. Determine the head loss and the 
direction of flow. 
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f Assume the direction of flow is from A to B. pjy + v\l2g + z A = p B ly + u|/2g + z B + h L , Q — A,u, = 
[(jt)( 1) 2 /4](1) = 0.7854 m 3 /s, v 2 = Q/A 2 = 0.7854/[(«)(0.5) 2 /4] = 4.00 m/s, 100/9.79 + l 2 /[(2)(9.807)] + 0 = 
20/9.79 + 4.00 2 /[(2)(9.807)] + 2 + h L , h L = 5.40 m. Since h L is positive, flow is from A to B as assumed. 

8.136 Water is flowing in an open channel at a depth of 2 m and velocity of 3 m/s, as shown in Fig. 8-74. It then flows 
down a contracting chute into another channel where the depth is 1 m and the velocity is 10 m/s. Assuming 
frictionless flow, determine the difference in elevation of the channel floors. 

I The velocities are assumed to be uniform over the cross sections, and the pressures hydrostatic. 

PaIy + v\ITg + z A -p B ly + v\l2g +z B + h L , 0 + 3 2 /[( 2 )( 9 . 807)] + (y + 2) = 0 + 10 2 /[(2)(9.807)] + 1 + 0, y = 
3.64 m. 



8.137 For losses of 0.1 m, find the velocity at A in Fig. 8-75. The barometer reading is 750 mmHg. 

I PbIy + w|/2g + z B =pJy + v\Hg + z A + h L 

75/9.79 + 0 + 3 = [(13.6)(9.79)](0.750)/9.79 +1£/[(2)(9.807)] +0 + 0.1 u„ = 2.66 m/s 



Fig. 8-75 


f 8.138 For flow of 375 gpm in Fig. 8-76, determine H for losses of 5u 2 /2g. 


PbVb . _PaV a 

— + — + Z B = — + X- + Z A + "L 

Y 2g y 2g 


Q (375/7.48)/60 , 

v = — = = 4.255 ft/s 

A (*)(e) /4 


0 + 0 + // = 0 + 4.255 z /[(2)(32.2)] + 0 + 5{4.255 2 /[(2)(32.2)]} H = 1.69 ft 


LL, 


7 = 55 lb/ft 3 


6 in diam 


H 


jr 


Fig. 8-76 


8.139 For 1500-gpm flow and H - 30 ft in Fig 8-76, calculate the losses through the system in velocity heads, Kv 2 /2g. 


PbV b Pa V 2 a 

— + — + z b = — + + z A + h L 

Y 2g y 2g 


Q (1500/7.48)/60 
U A (*)(£) 2 /4 - 17 02ft/s 


0 + 0 + 30 = 0+ 17.02 2 /[(2)(32.2)] + 0 + K{17.02 2 /[(2)(32.2)]} K = 5.67 (i.e., 5.67 velocity heads) 
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8.140 


8.141 


The losses in Fig. 8-76 for H = 20 ft are 8(t> 2 /2g). What is the discharge? 

f PbIy + v 2 B /2g + z B =pJ Y + v 2 J2g + z A + h L 0 + 0 + 20 = 0 + v\ /[(2)(32.2)] + 0 + 8{v 2 /[(2)(32.2)]} 
v A =11.96 ft/s Q=Av a = [(w)(^) 2 /4](11.96) = 2.35 ft 3 /s 


In Fig. 8-77, the losses up to section A are 5v 2 J2g and the nozzle losses are 0.05u|/2g. Determine the discharge 
and pressure at A, if H = 8 m. 

I Pb/y + v%/2g +z B =Pc/Y + v 2 c /2g + z c + h L 

0 + 0 + 8 = 0 + w|/[(2)(9.807)] + 0 + 5{uf/[(2)(9.807)]} + 0.05{ui/[(2)(9.807)]} 

0.05353u| + 0.2549t/ 2 - 8 = 0 A l v x =A 7 v 2 [(jr)(i^) 2 /4](U|) = [(^)(to§o) 2 /4](u 2 ) u, = 0.1111u 2 
0.05353u| + (0.2549)(0. lllli> 2 ) 2 -8 = 0 v 2 = 11.88 m/s v, = (0.1111)(11.88) = 1.320 m/s 
Q - A 2 v 2 = [(jr)(j50o) 2 /4](11.88) = 0.0233 m 3 /s p B /Y + vl/2g + z B = pJy + v 2 J2g + z A + h t . 

0 + 0 + 8 = pJ9J9 + 1.320 2 /[(2)(9.807)] + 0 + 5{ 1.320 2 /[(2)(9.807)]> p A = 73.1 kN/m 2 

Sl 



Fig. 8-77 


8.142 For pressure at A of 25 kPa in Fig. 8-77 with the losses given in Prob. 8.141, determine the discharge and the 
head H. 

I p B /Y + vl/2g + z B =p A /Y + v 2 A /2g + z A + h L 

0 + 0 + H~ 25/9.79 + t/ 2 /[(2)(9.807)] + 0 + 5{u 2 /[(2)(9.807)]} 

H — 0.3059uf + 2.554 ( 1 ) 

Pb/Y + v z „/2g + z B =Pc/Y + v 2 c /2g +z c + h L 
0 + 0 + H = 0 + v!/[(2)(9.807)] + 0 + 5{w?/[(2)(9.807)]} + 0.05{vi/[(2)(9.807)]} 

0.05353u| + 0.2549u 2 — H — 0 A lVl =A 2 v 2 ■ t(*)(A) 2 /4](wi) w 2 -9.000i», 

(0.05353)(9. OOOv,) 2 + 0.2549u? = H (2) 

Solving Eqs. (1) and (2) simultaneously, (0.05353)(9.000t>i) 2 + 0.2549v 2 = 0.3059u 2 + 2.554, v t = 0.7720 m/s; 

Q = A x v x = [(^)(S) 2 /4](0.7720) = 0.0136 m 3 /s, H = (0.3059)(0.7720) 2 + 2.554 = 2.736 m. 

8.143 The system shown in Fig. 8-78 involves 6-in.-i.d. pipe. The exit nozzle diameter is 3 in. What is the velocity v t of 
flow leaving the nozzle? Neglect losses. 

I Pi/y + v\/2g +z x =pJy + v\!2g + z A + h L 

(14.7)(144)/62.4 + 0 + 40 = 4000/62.4 + v^/[(2)(32.2)] + 0 + 0 
tU = 25.14 ft/s A a v a = A d v d [(7r)(^) 2 ](25.14) = [(^r)(4) 2 ](w e ) v e = 100.56 ft/s 


Water 





Fig. 8-78 
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8.144 In Fig. 8-79, H = 6 m and h = 5.75 m. Calculate the head loss. 

I v 2 = V2= V(2)(9.807)(5.75) = 10.62 m/s pJy + v\/2g + z x = p 2 /y + v 2 2 /2g + z 2 +h L 

0 + 0 + 6 = 0+ 10.62 2 /[(2)(9.807)] + 0 + h L h L = 0.250 m 



8.145 In Fig. 8-80,0.1 m 3 /s of water flows from section 1 to section 2 with losses of 0.4(u, — v 2 ) 2 /2g. If p x — 100 kPa, 
findp 2 . 

f pJy + v\/2g +z 1 = p 2 /y + vl/2g + z 2 + h L 

v, = CM, = (0. 1 )/[(jt)( 0.300) 2 /4] = 1.415 m/s v 2 = Q/A 2 = (0.1)/[(jt)( 0.450) 2 /4] = 0.629 m/s 

100/9.79 + 1.415 2 /[(2)(9.807)] + 0 = p 2 /9.79 + 0.629 2 /[(2)(9.807)] + 0 + Fz = 100 - 8 kPa 



Fig. 8-80 


8.146 Neglecting losses, determine the discharge in Fig. 8-81. 

f pJy + v\!2g + z t = p 2 /y + vl/2g + z 2 + h L [(0.86)(62.4)](3)/62.4 + 0 + 4 = 0 + ul/[(2)(32.2)] + 0 + 0 
u 2 = 20.59 ft/s Q=Av = [(;r)(£) 2 /4](20.59) = 0.45 ft 3 /s 



X\. M-> ----- 

X-. 1 

:i Water 




-I v' » 



2 in diam 


T 


Fig. 8-81 


8.147 A pipeline leads from one reservoir to another which has its water surface 10 m lower. For a discharge of 
1.0 m 3 /s, determine the losses in meters and in kilowatts. 

f pJy + v\/2g + 2 ] =p 2 ly + v\/2g + 2 ^ + h L 0 + 0+ 10 = 0 + 0 + 0 + h L /j i = 10m 

Losses = Qyh L = (1.0)(9.79)(10) = 97.9 kW 
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8.148 In the siphon of Fig. 8-82, h 2 = 1 m, h 2 = 3 m, d x = 3 m, and d 2 = 5m, and the losses to section 2 are 2.6vf/2g, 
with 10 percent of the losses occurring before section 1. Find the discharge and the pressure at section 1. 

I Pb/y + v 2 b /2g + z B =pJY + vl/2g + Z 2 + h L 

0 + 0 +(1 +3) = 0 + i>i/[(2)(9.807)] +0 + 2.6w|/[(2)(9.807)] v 2 = 4.668 m/s 

Q = A 2 v 2 = [( jt) (5) 2 /4] (4.668) = 91.7 m 3 /s v, = Q/A, = 91.7/[(tt)( 3) 2 /4] = 12.97 m/s 

p B /Y + v 2 B/2g + z B =p 1 /Y + v 2 J2g + z 1 + h 1L 

0 + 0 + (1 + 3) = pj 9.79 + 12.97 2 /[(2)(9.807)] + 3 + 0.10{(2.6)(4.668) 2 /[(2)(9.807)]} 

p, = -77.0 kPa 



8.149 Find the pressure at A of Prob. 8.148 if it is a stagnation point (velocity zero). 

I p B /Y + v 2 B /2g + z B =p A /Y + v 2 A /2g + z A + h L 0 + 0 + 0 = p^/9.79 + 0 + 4 + 0 p^ = -39.2kPa 

8.159 In the friction-free siphon shown in Fig. 8-83, what are the pressures of the water in the tube at B and at A1 

I PdIy + V 2 j2g + z D - PcIy + v 2 c/2g + z c + h L 

0 + 0 + 3.0 = 0 + Vc/[(2)(9.807)] + 0 + 0 v c = 7.67 m/s = v B = v A 

PdIy + v 2 d I 2g + z D =p B /Y + vi/2 g + z B + h L 
0 + 0 + 3.0 = ps/9.79 + 7.67 2 /[(2)(9.807)] + (3.0 + 1.5) + 0 p B = -44.0 kPa 

PdIy + vi/2 g + z D =p A /Y + vi/2 g + z A + h L 
0 + 0 + 3.0 = pJ9J9 + 7.67 2 / [(2)(9.807)] + 3.0 + 0 p A = -29.4 kPa 



8.151 If the vapor pressure of water is 0.1799 m of water, how high ( h ) above the free surface can point B be in 
Prob. 8.150 before the siphon action breaks down? Assume atmospheric pressure is 101 kPa. 

I PdIy + vi/2 g + z D = Pb/y + vi/2 g + z B + h L . Using absolute pressures and considering that v B = 0 at 
maximum h when the siphon action breaks down, 101/9.79 + 0 + 3.0 = 0.1799 + 0 + (3.0 + h) + 0, h = 10.14 m. 
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Flow in Closed Conduits 


9.1 Water at 10 °C flows in a 150-mm-diameter pipe at a velocity of 5.5 m/s. Is this flow laminar or turbulent? 

I N R = dv/v = (0.150)(5.5)/(1.30 x 10 -6 ) = 634615. Since 634 615 > 4000, the flow is turbulent. 

9 2 SAE10 oil at 68 °F flows in a 9-in-diameter pipe. Find the maximum velocity for which the flow will be laminar. 

f N r — pdv/fi. For laminar flow, assume N R s 2000. 2000 = (1.68)(n)(u)/(1.70 x 10 -3 ), v = 2.70 ft/s. 

| 9.3 The accepted transition Reynolds number for flow past a smooth sphere is 250 000. At what velocity will this 
occur for airflow at 20 °C past a 10-cm-diameter sphere? 

I N R = dv/v 250000 = (0.10)(t>)/(1.51 x 10 _s ) u = 37.8 m/s 

- 9.4 Repeat Prob. 9.3 if the fluid is (a) water at 20° and (6) hydrogen at 20 °C (v = 1.08 x 10 4 m 2 /s). 

f (a) N r = dv /v 250000 = (0.10)(t>)/(1.02 x 10 -6 ) v = 2.55 m/s 

I (6) N r = dv/v 250 000 = (0.10)(u)/(1.08 x 10 -4 ) v= 270 m/s 

t; 

! A j-in-diameter water pipe is 60 ft long and delivers water at 5 gpm at 20 °C. What fraction of this pipe is taken 

up by the entrance region? 

I G = (5)(0.002228) = 0.01114 ft 3 /s V = Q/A = 0.01114/[(jt)( 0.5/12) 2 /4] = 8.170 ft/s N R = dv/v 

From Table A-2, v = 1.02 x 10 -6 m 2 /s at 20 °C, which equals 1.10 x 10 -5 ft 2 /s; hence, N R = 

(0.5/12)(8.170)/(1.10 x 10 5 ) = 30 947. Since 30 947 > 4000, the flow is turbulent and for entrance length, 

LJd = 4.4/Vjf = (4.4)(30 947) l/6 = 25. The actual pipe has L/d = 60/[(|)/12] = 1440; hence, 

: = 0 017 or 1.7 percent 

\ Lid L 



An oil with p = 900 kg/m 3 and v = 0.0002 m 2 /s flows upward through an inclined pipe as shown in Fig. 9-1. 
Assuming steady laminar flow, (a) verify that the flow is up and find the (6) head loss between section 1 and 
section 2, (c) flow rate, (d) velocity, and (e) Reynolds number. Is the flow really laminar? 

I (a) HGL = z+plpg HGLj = 0 + 350 000/[(900)(9.807)] = 39.65m 


HGU = (10)(sin 40°) + 250 000/[(900)(9.807)] = 34.75 m 
Since HGL t > HGL 2 , the flow is upward. 

h f = HGL, - HGL, = 39.65 - 34.75 = 4.90 m 
p = pv = (900)(0.0002) = 0.180 kg/(m • s) 

npgd% (jr)(900)(9.807)(igo) 4 (4.90) , 

Q ~m^- (128)(0.180)(10)-- a0 ° 764m/s 

v = Q/A = 0.00764/[(w)(ijo) 2 /4] = 2.70 m/s 
N r = dv/v = (iio)(2.70)/0.0002 = 810 

This value of N R is well within the laminar range; hence, the flow is most likely laminar. 
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9.7 For flow of SAE10 oil through a 100-mm-diameter pipe, for what flow rate in cubic meters per hour would we 
expect transition to turbulence at ( a ) 20 °C [p = 0.104 Pa • s], and ( b ) 100 °C [p = 0.0056 Pa • s]? 

# Assume transition to turbulence occurs at N R = 2300. N R = pdv/p. 

(а) 2300 = (869)(0.100)(u)/0.104 v = 2.753m/s 

Q =Av = [(;r)(0.100) 2 /4](2.753) = 0.0216 m 3 /s or 77.76 m 3 /h 

(б) 2300 = (869)(0.100)(t>)/0.0056 t/ = 0.1482 m/s 

Q =Av = f(nr)(0.100) 2 /4](0.1482) = 0.00116 m 3 /s or 4.18m 3 /h 

9.8 A fluid at 20 °C flows at 0.8 L/s through an 100-mm-diameter pipe. Determine whether the flow is laminar or 
turbulent if the fluid is (a) hydrogen (v = 1.08 X 10“ 4 m 2 /s), ( b ) air, (c) gasoline (v = 4.06 x 10“ 7 m 2 /s), 

(rf) water, («) mercury (v = 1.15 x 10“ 7 m 2 /s), or (/) glycerin. 

f N r = dv/v v = Q/A = (0.8 x10“ 3 )/[(jt)( 0.100) 2 /4] = 0.1019 m/s 


(a) 

N r = (0.100)(0.1019)/(1.08 x 10“ 4 ) = 94 

(laminar) 

(b) 

N r = (0.100)(0.1019)/(1.51 x 10“ 5 ) = 675 

(laminar) 

(0 

N r = (0.100)(0.1019)/(4.06 x 10“ 7 ) = 25 099 

(turbulent) 

(d) 

N r = (0.100)(0.1019)/(1.02 X 10“ 6 ) = 9990 

(turbulent) 

(e) 

N r = (0.100)(0.1019)/(1.15 x 10“ 7 ) = 88 609 

(turbulent) 

(f) 

N r = (0.100)(0.1019)/(1.18 x 10“ 3 ) = 9 (laminar) 


9.9 Oil (s.g. = 0.9, v = 0.0003 m 2 /s) enters a 50-mm-diameter tube. Estimate the entrance length if the flow rate is 
1 L/s. 

f N R ~dv/v 

v ~ Q/A — 0.001/[(jt)( 0.050) 2 /4] = 0.5093 m/s N R = (0.050)(0.5093)/0.0003 = 85 (laminar) 

LJd = 0.06 N r L e = (0.050)(0.06)(85) = 0.255 m 

9.10 What is the Reynolds number for a flow of oil (s.g. = 0.8, p = 0.00200 lb ■ s/ft 2 ) in a 6-in-diameter pipe at a flow 
rate of 10 ft 3 /s. Is the flow laminar or turbulent? 

f v = Q/A = 10/[(^)(^) 2 /4] = 50.9 ft/s 

N r = pdv/p = [(0.8)( 1.94)](^)(50.9)/0.00200 = 19749 (turbulent) 

9.11 Gasoline at a temperature of 20 °C flows at the rate of 2 L/s through a pipe of inside diameter 60 mm. Find the 
Reynolds number. 

I v = Q/A = (2 x 10 _3 )/[(rr)(0.060) 2 /4] = 0.707 m/s 

N r = pdv/p = (719)(0.060)(0.707)/(2.92 X 10" 4 ) = 104 452 

9.12 The Reynolds number for fluid in a pipe of 10 in diameter is 2000. What will be the Reynolds number in a 
6-in-diameter pipe forming an extension of the 10-in pipe? Take the flow as incompressible. 

I Nr = dv/v. Since v is constant, [/^/(dv)], = [N R /(dv)] 2 , A a v x = A 2 v 2 , [(^)(ii) 2 /4](ni) = [(rr)(^) 2 /4](t; 2 ), 
v l = 0.360u 2 , 2000/[(}§)(0. 360u 2 )] = (JV*) 2 /[(^)(i; 2 )], (N R ) 2 = 3333. 

9.13 Water is flowing through capillary tubes A and B into tube C, as shown in Fig. 9-2. If Q A = 3 mL/s in tube A, 
what is the largest Q B allowable in tube B for laminar flow in tube C? The water is at a temperature of 40 °C. 
With the calculated Q B , what kind of flow exists in tubes A and B1 

i For laminar flow, assume s2300. N R = dv/v. In tube C, 2300 = (0.006)(u c )/(6.56 x 10“ 7 ), v c = 

0.2515 m/s; Q c = A c v c = [(jr)(0.006) 2 /4](0.2515) = 7.11 X 10“ 6 m 3 /s, or 7.11 mL/s, Q B = 7.11 - 3 = 4.11 mL/s. 
In tube A, v A = QJA a = (3 x 10“ 6 )/[(rr)(0.005) 2 /4] = 0.1528 m/s, 


N„ = (0.005)(0.1528)/(6.56 x 10“ 7 ) = 1165 (laminar) 
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In tube B, v B = Q B /A B = (4.11 x 10~ 6 )/[(jt)( 0.004) 2 /4] = 0.3271 m/s, 

N r = (0.004)(0.3271)/(6.56 x 10“ 7 ) = 1995 (turbulent) 



9.14 Incompressible steady flow of water occurs in a tube of constant cross section, as shown in Fig. 9-3. What is the 
head loss between sections A and B? 

f p A ly + v\/2g + z A =p B l Y + v\/2g + z B + h L 

(90)(144)/62.4 + v 2 J2g + 0 = (30)(144)/62.4 + v%/2g -t-100 + h L 
v\/2g = v%/2g h L = 38.5 ft 



4 Fig. 9-3 

9.15 Water flows through a pipe at 5 L/s, as shown in Fig. 9-4. If gage pressures of 12.5 kPa, 11.5 kPa, and 10.3 kPa 
are measured for p u p 2 and p 3 , respectively, what are the head losses between 1 and 2 and 1 and 3? 

I Pi/Y + v\!2g + z, =pjy + w|/2g + z 2 + (/ti.),_ z 12.5/9.79 + v]/2g + 10 = 11.5/9.79 + v\!2g + 10 + (h L ) t . 2 

v 2 J2g = vl/2g (hJ l - 2 = 0.1021m pjy + v\/2g + z, =p 3 /y + v\/2g + z 3 + (h L )^ 3 

Vt = Q/A t = (5 x 10 _3 )/[(jt)( 0.050) 2 /4] = 2.546 m/s v 3 = Q/A 3 = (5 X 10“ 3 )/[(^r)(0.030) 2 /4] = 7.074 m/s 

12.5/9.79 + 2. 546 2 / [(2(9. 807)] + 10 = 10.3/9.79 + 7.074 2 /[(2)(9.807)] + 0 + (h L )^ 3 (/i L ),_ 3 = 8.00 m 



= 30 mm Fig. 9-4 

9.16 A large oil reservoir has a pipe of 3 in diameter and 7000-ft length connected to it, as shown in Fig. 9-5. 
Assuming laminar flow through the pipe, compute the amount of oil issuing out of the pipe as a free jet. 
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Compute the velocity and Reynolds number to see if the flow is laminar. v oil = lx 10~ 4 ft7s. Neglect entrance 
losses to the pipe. 

I p 2 /y + v\!2g + z 2 =p 3 ly + v\/2g + z 3 + h L p 2 /62.4 + vl/2g + 0 = 0 + vl/2g+0 + h f v\J2g - v\/2g 

p 2 /62.4 = h f (. 

npgd*h f 
U 128 /jL 


12 SQpL 128[(jrd 2 /4)(u 2 )]/iL 32u 2 vL (32)(u 2 )(l x 10“ 4 )(7000) 


kf npgd 4 npgd 4 gd 2 (32.2)(3/12) 2 v 

Pi/y + v 2 J2g + z, = p 2 /y + v\j2g + z 2 + h L 0 + 0 + 10 = p 2 t 62.4 + u|/[(2)(32.2)] + 0 + 0 

p 2 /62.4 = 10 — w|/[(2)(32.2)] (: 

Equating h f from Eqs. ( 1 ) and (2),. 

p 2 /62.4=11.13t> 2 (- 

Equating pJ62.4 from Eqs. ( 3) and (4), 11.13u 2 = 10 — t>|/[(2)(32.2)], u 2 + 716.8u 2 — 644 = 0, v 2 — 0.8973 ft/s; 
Q =Av = [(jr)(t^) 2 /4](0.8973) = 0.0440 ft 3 /s; N R = dv/v = (£)(0.8973)/(l x 10 ' 4 ) = 2243 (barely laminar). 


= 11.13u 2 


[■mH 







If 140 L/s of water flows through the system shown in Fig. 9-6, calculate the total head loss between 2 and 3. 

I pjy + vl/2g + z 2 =pjy + vl/2g +z 3 + hi. 

v 2 = Q/A 2 = (140 X 10~ 3 )/[(*)(0.300)74] = 1.981 m/s v 3 = Q/A 3 = (140 X 10" 3 )/[(^)(0.150)74] = 7.922 m/s 
pj 9.79 + 1.981 2 /[(2)(9.807)] + 0 = 0 + 7.922 2 /[(2)(9.807)] + 15 + h L h L = p-J 9.79 - 18.00 

pjy + v 2 J2g + Zj = pjy + u|/2 g + z 2 + ^ 0 + 0 + 30 = pJ9.19 + 1.981 2 /[(2)(9.807)] + 0 + 0 

p 2 /9.79 = 29.80 m h L = 29.80 - 18.00 = 11.80 m 


— Large — — 
= reservoir 


c/-- 150 mm 
_ 

Ues 


• 300 mm 


Fig. 9-6 


Determine the maximum velocity for laminar flow for (a) medium fuel oil at 60 °F (v = 4.75 x 10 5 ft7s) flowing 
through a 6-in pipe and (6) water at 60 °F flowing in the 6-in pipe. 

f For laminar flow, assume N R £ 2000. N R = dv/v. 

(а) 2000 = (&)(v)/(4.75 x 10“ 5 ) v = 0.190ft/s 

(б) 2000 = (£)(vXl-21 x IQ’ 5 ) v = 0.0484 ft/s 
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>.19 Determine the type of flow occurring in a 12-in pipe when (a) water at 60 °F flows at a velocity of 3.50 ft/s and 
(b) heavy fuel oil at 60 °F (v = 221 x 10~ 5 fP/s) flows at the same velocity. 

f N R = dv/v 

(а) N r = Of )(3.50)/(1.21 x 10 5 ) = 289 256 (turbulent) 

(б) N r = 0f)(3.50)/(221 x 10“ 5 ) = 1584 (laminar) 

9JO For laminar flow conditions, what size pipe will deliver 90 gpm of medium fuel oil at 40 °F 

(v = 6.55 x 10~ 5 fP/s)? 

I Q = (90)(0.002228) = 0.2005 ft 3 /s. For laminar flow, assume N R < 2000. N R — dv/v, v — Q/A — 

0.2005/(jt d 2 /4) = 0.2553d- 2 , 2000 = (d)(0.2553<T 2 )/(6.55 x 10“ 5 ), d = 1.95 ft. 

9J1 What is the Reynolds number of flow of 0.4 m 3 /s of oil (s.g. = 0.86, p = 0.025 Pa • s) through a 

450-mm-diameter pipe? 

I v = Q/A = 0.4/[( ?r)(0.450) 2 /4] = 2.515 m/s 

N R = p dv/fi = [(0.86)(1000)](0.450)(2.515)/0.025 = 38 932 

9J2 An oil with s.g. = 0.85 and v = 1.8 X 10~ 5 m 2 /s flows in a 10-cm-diameter pipe at 0.50 L/s. Is the flow laminar or 
turbulent? 

I v = Q/A = (0.50)(1000)/[(nr)(^) 2 /4] = 0.06366 m/s 

N r = dv/v = (^)(0.06366)/(1.8 x 10 -5 ) = 354 (laminar) 

9J3 Fluid with kinematic viscosity 0.00015 ft 2 /s flows through a pipe of diameter 9 in. What is the maximum velocity 
for laminar flow? 

f For laminar flow, assume N R s 2000. N R = dv/v, 2000 = (^)(u)/0.00015, v = 0.400 ft/s. 

9J4 An oil with v = 0.005 ft 2 /s flows through a 6-in-diameter pipe at 10 ft/sec. Is the flow laminar or turbulent? 

I N r = dv/v = (£)(10)/0.005 = 1000 (laminar) 

9J5 Hydrogen at atmospheric pressure and 50 °F has a kinematic viscosity of 0.0011 ft 2 /s. Determine the maximum 
mass flow rate for laminar flow in a 3-in-diameter pipe, y = 0.00540 lb/ft 3 . 

f For laminar flow, assume N R s 2000. N R = dv/v, 2000 = (^)(w)/0.0011, v = 8.80 ft/s; W = yAv = 
(0.00540)[(jr)(ff) 2 /4](8.80) = 0.001037 lb/s. 

9J6 Air at 1500 kPa abs and 100 °C flows in a 20-mm-diameter tube. What is the maximum laminar flow rate? 

f For laminar flow, assume N R s 2000. N R = pdv/p, p = p/RT = (1.5 x 10 6 )/[(287)(273 +100)] = 14.01 kg/m 3 , 
2000 = (14.01)(0.020)(u)/(2.17 X KT 5 ), v = 0.1549 m/s; Q=Av = [(jr)(0.020) 2 /4](0.1549) = 0.0000487 m 3 /s, or 
0.0487 L/s. 

9.27 What is the hydraulic radius of a rectangular air duct 8 in by 14 in? 

I R h = A/p w = [(8)(14)]/(8 -t- 8 + 14 + 14) = 2.55 in or 2.55 ft 

9.28 What is the percentage difference between the hydraulic radii of 30-cm-diameter circular and 30-cm square 
ducts? 

I R h = A/p w 

= [(*)(30) 2 /4]/[(7T)(30)] = 7.50 cm (R h )^ = (30)(30)/(30 + 30 + 30 + 30) = 7.50 cm 

Since they are equal, the percentage difference is zero. Note that the hydraulic radius of a circular section is 
one-fourth its diameter. 


9.29 Two pipes, one circular and one square, have the same cross-sectional area. Which has the larger hydraulic 
radius, and by what percentage? 
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f Let d = diameter of the circular pipe and a = the side of the square one. Since they have the same 
cross-sectional area, nd 2 /4 = a 2 , a = Vnd/2; (R h = d/4 = 0.2500d, (/?*)*,„„„ = A/p w = a 2 /4a = a/4. Since 
a = y/ad/2, (/?*)«,»„«, = (Vnd/2)/4 = 0.2216d, hence, the circular pipe has the larger hydraulic radius by 
(0.2500 - 0.2216)/0.2216 = 0.128, or 12.8 percent. 

9.30 Steam of weight density 0.26 lb/ft 3 flows at 100 fps through a circular pipe. What is the shearing stress at the 
wall, if the friction factor is 0.015? 

I r 0 = (f/4)(y)(v 2 /2g) = (0.015/4)(0.26){1007[(2)(32.2)]} = 0.151 lb/ft 2 

9.31 Glycerin at 68 °F flows 120 ft through a 6-in-diameter new wrought iron pipe at a velocity of 10.0 ft/s. 
Determine the head loss due to friction. 

f h f = (f)(L/d)(v 2 /2g) N r = pdv/p = (2.44)(£)(10.0)/(3.11 x 10~ 2 ) = 392 

Since N R < 2000, the flow is laminar and/ = 64/N R = ^ = 0.1633, h, = 0.1633[120/(£)]{10.07[(2)(32.2)]} = 
60.9 ft. 

9.32 SAE10 oil flows through a cast iron pipe at a velocity of 1.0 m/s. The pipe is 45.0 m long and has a diameter of 
150 mm. Find the head loss due to friction. 

I h f = (f)(L/d)(v 2 /2g) N r = pdv/p = (869)®(1.0)/0.0814 = 1601 

Since N R < 2000, the flow is laminar and/ = 64/N R = iii = 0.0400, h f = 0.0400[45.0/(^)]{1.0 2 /[(2)(9.807)]} = 
0.612 m. 

9.33 A 60-mm-diameter pipe (Fig. 9-7) contains glycerin at 20 °C flowing at 8.5 m 3 /h. Verify that the flow is laminar. 
For the pressure measurements shown, is the flow ascending or descending? What is the head loss for these 
pressures? 

| v = q/a = (8.5/3600)/[(jt)( 0.060) 2 /4] = 0.835 m/s 

N r = pdv/p = (1258)(0.060)(0.835)/1.49 = 63 (laminar) 

HGL = z+p/pg HGL„ = 0 + (2.0)(101400)/[(1258)(9.807)] = 16.44 m 
HGL b = 12 + (3.8)(101400) / [(1258) (9.807)] = 43.23 m 
Hence, the flow is from B to A (i.e., descending). Head loss = 43.23 — 16.44 = 26.79 m. 


3.8 atm 



Fig. 9-7 


9.34 


For the data of Prob. 9.33, compute the theoretical head loss if the pipe length is 30 m between A and B. 
Compare with the head loss corresponding to the measured pressures. 


f 


3ipgd% 8.5 = (^)(1258)(9.807)(0.060) 4 (h / ) 

128/«L 3600 ~ (128)(1.49)(30) 


h f = 26.89 m 


which is only 10 cm greater than the value found in Prob. 9.33. 


9.35 Two horizontal infinite plates keep a distance h apart as the upper plate moves at speed V, as in Fig. 9-8. There 
is a fluid of constant viscosity and constant pressure between the plates. If V = 5 m/s and h = 20 mm, compute 
the shear stress at the plates, given that the fluid is SAE 30 oil at 20 °C. 
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I Nr = phV/p = (888)(0.020)(5)/0.440 = 202. Since the flow is laminar, 

du 

f = fi — 
dy 

where u = ( V/h)(y), t = (p)(V/h) = 0.440[5/(2.0/100)] = 110 Pa. 



9.36 


Find the head loss per unit length when a fluid of s.g. 0.86 and kinematic viscosity 0.008 ft 2 /s flows in a 
3-in-diameter pipe at a rate of 5 gpm. 

| Q = (5)(0.002228) = 0.01114 ft 3 /s h f = (f)(L/d)(v 2 /2g) v = Q/A = 0.01114/[(^r)(ft) 2 /4| = 0.2269 ft/s 

N r = dv/v = (t3>(0.2269)/0.008 = 7.09 

Since N„ < 2000, the flow is laminar and/ = 64 /N R = 64/7.09 = 9.03, h f = 9.03[ 1 /(A)](0.2269 2 /[(2)(32.2)]} = 
0.0289 ft per foot of length. 

Tests made on a certain 12-in-diameter pipe showed that, when V = 10 fps, f = 0.015. The fluid used was water 
at 60 °F. Find the unit shear at the wall and at radii of 0,0.2, 0.3, 0.5, and 0.75 times the pipe radius. 

I = (//4)(y)(V 2 /2g) = (0.015/4)(62.4){10 2 /[(2)(32.2)]} = 0.3634 lb/ft 2 

The stress distribution is linear; hence. 


r/r 0 

t, lb/ft 2 

0 

0 

0.2 

0.0727 

0.3 

0.1090 

0.5 

0.1817 

0.75 

0.2726 


9J8 If oil with a kinematic viscosity of 0.005 ft 2 /s weighs 54 lb/ft 3 , what will be the flow rate and head loss in a 
3600-ft length of 4-in-diameter pipe when the Reynolds number is 800? 

I N r = dv/v 800 = (^)(v)/0.005 v = 12.00 ft/s Q=Av = [(w)(^) 2 /4](12.00) = 1.047 ft 3 /s 
/ = 64/N r = 64/800 = 0.0800 h r = (f)(L/d)(v 2 /2g) = 0.0800[3600/(^)]{12.00 2 /[(2)(32.2)]} = 1932 ft 


9.39 How much power is lost per kilometer of length when a viscous fluid (p = 0.20 Pa • s) flows in a 
200-mm-diameter pipeline at 1.00 L/s? The fluid has a density of 840 kg/m 3 . 

I v = Q/A = (1.00 x 10 3 )/[(jt)( 0.200) 2 /4] = 0.03183 m/s 

N r = pdv/p = (840X0.200X0.03183) /0.20 = 26.74 h f /L = (f)(l/d)(v 2 /2g) 

Since N R < 2000, the flow is laminar and / = 64 /N R = 64/26.74 — 2.393, h f /L = 

2.393[1/(0.200)](0.03183 2 /[(2)(9.807)]} = 0.0006180 m, P/L = Qyh f /L = Qpgh f /L = 

(1.00 x 10 _3 )(840)(9.807)(0.0006180) = 0.00509 W/m = 5.09 W/km. 


9.40 


Calculate the discharge of the system in Fig. 9-9, neglecting all losses except through the pipe, 
f Assume laminar flow and use the conversion 1.0 centipoise = 0.0002089 lb • s/ft 2 . 


y Ah d 2 
32pL 


(55X18)[Q)/12] 2 

(32X0.0002089X16) 


= 4.017 ft/s 


N r = pdv/p = {y/g)(d){v)/p = (55/32.2)[(J)/12](4.017)/0.0002089 = 684 (laminar) 
Q=Av= {(n:)[(-i)/12] 2 /4}(4.017) = 0.00137 ft 3 /s 
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Fig. 9-9 


9.41 


In Fig. 9-10, H = 25 m, L = 40 m, 0 = 30°, d = 8 mm, y = 10 kN/m 3 , and fi = 0.08 Pa • s. Find the head loss per 
unit length of pipe and the discharge in liters per minute. 

f Assuming laminar flow, 


v = 


yA hd 2 (10 4 )(25)(8 x 10 3 ) : 


= 0.1563 m/s 


32j uL (32)(0.08)(40) 

N„ = pdv/n = ( Y /g)(d)(v)/n = [10 4 /9.807](8 x 10 3 )(0.1563)/0.08 = 16 (laminar) 
Q=Av = [(;r)(8 x 10 _3 ) 2 /4](0.1563) = 7.857 x 10~ 6 m 3 /s = 0.471 L/min 
Ah/L = i = 0.625 m/m 



Fig. 9-10 


9.42 For the data of Prob. 9.41, find H if the velocity is 0.1 m/s. 
f By proportion, H = (0.1/0.1563)(25) = 16.0 m. 

9.43 Water flows at 0.20 m 3 /s through a 300-mm-diameter, 120-m-long pipe, under a pressure difference of 
280 mmHg. Find the friction factor. 

f h f = (f )(L/d)(v 2 /2g). From the pressure gradient, h f = (13.6/1)(0.280) = 3.808 m; v = Q/A = 

0.20/[(jt)( 0.300)74] = 2.829 m/s, 3.808 = (/)f120/(0.300)](2.829 z /[(2)(9.807)]}, / = 0.0233. 

9.44 Use the Blasius equation for determination of friction factor to find the horsepower per mile required to pump 
3.0 ft 3 /s of liquid (v = 3.3 x 10 4 ft 2 /s, y = 60 lb/ft 3 ) through an 18-in pipeline. 

I h f = (f)(L/d)(v 2 /2g) f = 0.316/Nr 4 v = Q/A = 3.0/[(*r)(]|)74] = 1.698 ft/s 

N r = dv/v = (tI)(1-698)/(3-3 x 10- 4 ) = 7718 / = 0.316/7718 1 ' 4 = 0.03371 

h f = 0.03371[5280/(il)]{1.698 2 /[(2)(32.2)]} = 5.312 ft 
p = Qyhf = (3,0)(60)(5.312) = 956.2 ft • lb/s per mile 956.2/550 = 1.74 hp per mile 

9.45 Determine the head loss per kilometer required to maintain a velocity of 3 m/s in a 20-mm-diameter pipe, if 
v = 4 x 10~ 5 m 2 /s. 

I h f = (f)(L/d)(v 2 /2g) N r = dv/v = (0.020)(3)/(4 x 10~ 5 ) = 1500 (laminar) 

/ = 64/7V r = 64/1500 = 0.04267 h f = 0.04267[1000/(0.020)]{3 2 /[(2)(9.807)]} = 979.0 m per km 
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Fluid flows through a 10-mm-diameter tube at a Reynolds number of 1800. The head loss is 30 m in a 120-m 
length of tubing. Calculate the discharge in liters per minute. 

f h f = (J)(L/d)(v 2 /2g). Since N R < 2000, flow is laminar and / = 64 /N R = 64/1800 = 0.03556, 

30 = 0.03556[ 120/(0.010)]{u 2 /[(2)(9.807)]}, v = 1.174 m/s; Q=Av = [(jt)(0.010) 2 /4](1.174) = 

92.21 X 10 _6 m 3 /s = 5.53 L/min. 

Oil of absolute viscosity 0.00210 lb • s/ft 2 and specific gravity 0.850 flows through 10 000 ft of 12-in-diameter cast 
iron pipe at the rate of 1.57 cfs. What is the lost head in the pipe? 

I h f = (f)(L/d)(v 2 /2g) v = Q/A = 1.57/[(jr)0i) 2 /4] = 1.999 ft/s 

N r = pdvl p = [(0.850)(1.94)](||)(1.999)/0.00210 = 1570 (laminar) 

/ = 64 /N r = iHo = 0.04076 h f = 0.04076[10 000/(ji)]{1.999 2 /[(2)(32.2)]} = 25.3 ft 

When first installed between two reservoirs, a 4-in-diameter metal pipe of length 6000 ft conveyed 0.20 cfs of 
water, (a) If after 15 years a chemical deposit had reduced the effective diameter of the pipe to 3.0 in, what then 
would be the flow rate? Assume /remains constant. Assume no change in reservoir levels. (6) What would be 
the flow rate if in addition to the diamater change, / had doubled in value? 

I (a) (/i)(L 1 /d 1 )(u 2 /2g) = (f 2 )(L 2 ld 2 )(vl/2g). Since/, L, and g are constant and v = Q/A = Q/(jid 2 /4), 

Q\/d\ = Ql/dl 0.20 2 /4 5 = Ql/3.0 5 , Q 2 = 0.0974 cfs. 

(ft) (f\){Q\ld\) = (/ 2 )(Ql/d|). Since/, = 2/, Q\/d\ = (2)((2l/d|), 0.20 2 /4 5 = (2KGI/3.0 5 ), 
g 2 = 0.0689 cfs. 


A liquid with y = 58 lb/ft 3 flows by gravity through a 1-ft tank and a 1-ft capillary tube at a rate of 0.15 ft 3 /h, as 
shown in Fig. 9-11. Sections 1 and 2 are at atmospheric pressure. Neglecting entrance effects, compute the 
viscosity of the liquid in slugs per foot-second. 

I pjy + v\/2g + z, = p 2 /y + v\/2 g + z 2 + h L v 2 - Q/A 2 = (0.15/3600)/[(^r)(0.004) 2 /4] = 3.316 ft/s 
0 + 0 + (l + l) = 0 + 3.316 2 /[(2)(32.2)] + 0 + h f h f = 1.829 ft 

Assuming laminar flow, 


32 /uLv 

hf =~w 


1 ?.29 ( 32 Xf)(1)( 3 -316) 

(58)(0.004) 2 


p = 1.600 x 10 5 slug/(ft • s) 


N r = pdvl p = (y/g)(d)(v)/p = (58/32.2)(0.004)(3.316)/(1.600 x 10“ 5 ) = 1493 (laminar) 



9.50 In Prob. 9.49, suppose the flow rate is unknown but the liquid viscosity is 2.1 x 10 5 slug/(ft • s). What will be 
the flow rate in cubic feet per hour? Is the flow still laminar? 

I p 1 /Y + v 2 j2g + z l =p 2 lr + vll2g + z 2 + h L 

0 + 0 + (l + l) = 0 + u 2 /[(2)(32.2)] + 0 + h f 


h f = 2-0.01553d 2 
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Assuming laminar flow, 

h f = 32/rLu/ yd 2 2 - 0.01553t/ 2 = (32)(2.1 x 10' 5 )(l)(u)/[(58)(0.004) 2 ] 

u 2 + 46.63u-128.8 = 0 u = 2.616 ft/s 
Q=Av = [(^)(0.004) 2 /4](2.616) = 0.00003287 ft 3 /s = 0.118 ft 3 /h 
N r = pdv/p = (ylg)(d)(y)ln = (58/32.2)(0.004)(2.616)/(2.1 X 10“ 5 ) = 897 (laminar) 

9.51 In the syringe of Fig. 9-12 the drug has p = 900 kg/m 3 and p = 0.002 Pa • s. What steady force F is required to 
produce a flow of 0.4 mL/s through the needle? Neglect head loss in the larger cylinder. 

f PA/pg + v 2 J2g + z A — Pnl pg + v 2 J2g + z B + h L 

v„ = Q/A b = 0.4 X 10 _6 /[(nr)(0.25 x 10 3 ) 2 /4] = 8. 149 m/s 

N r = pdv/p = (900)(0.25 X 10- 3 )(8.149)/0.002 = 917 (laminar) 

, 32 fiLv (32)(0.002)(0.020)(8.149) 

' pgd 2 _ (900)(9.807)(0.25xl0- 3 ) 2_18 ' 91m 

P/»/[(900)(9.807)] + 0 + 0 = p a /[(900)(9.807)] + (8.149) 2 /[(2)(9.807)] + 0 + 18.91 

Pa~Pb= 196 788 N/m 2 

F= (p A -p«)(A piston ) = 196 788[(nr)(0.010) 2 /4] = 15.5 N 


^ = 10mm 


d\ = 0.25 i 


6 


3 




20 mm —*+* -30 mm 


H 


Fig. 9-12 


9.52 


Paint issues from the tank in Fig. 9-13 at Q = 45 ftVh. Find the kinematic viscosity. Is the flow laminar? 

I Pa! Pg + v 2 J2g + z A =p B /pg + v 2 B /2g +z B + h L v B = Q/A b = (mo)/[(^)(0.5/12) 2 /4] = 9.167 ft/s 

0 + 0 + 9 = 0 + 9.167 z /[(2)(32.2)] + 0 + ^ h, = 7.695 ft 

Assuming laminar flow, 


h f = 


128 vLQ 
TCgd 4 


(128)(v)(6)(^o) 

(jt)(32.2)(0.5/12) 4 


v = 0.0002444 ft 2 /s 


N r = dv/v = (0.5/12)(9,167)/0.0002444 = 1563 (laminar) 



Fig. 9-13 


In Prob. 9.52, what will the flow rate be if the paint properties are p = 1.78 slugs/ft 3 and p = 0.00217 lb • s/ft 2 ? 
f pjpg + v 2 J2g + z A = p B /pg + v\/2g + z B + h L 0 + 0 + 9 = 0 + u 2 /[(2)(32.2)] + 0 + h f 
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Assuming laminar flow, 


32 pLv (32)(0.00217)(6)(u ) 

s pgd 2 (1.78)(32.2)(0.5/12) 2 


0 + 0 + 9 = 0 + u 2 /[(2)(32.2)] + 0 + 4.187 1 > v 2 + 269. 6v - 579.6 = 0 t; = 2.133 ft/s 
Q =Av = [O)(0.5/12) 2 /4](2.133) = 0.002908 ft 3 /s or 10.47 ft 3 /h 
N r = pdv/n = (1.78)(0.5/12)(2.133)/0.00217 = 73 (laminar) 

9J4 The smaller tank in Fig. 9-14 is 50 m in diameter. If the fluid is ethanol at 20 °C, find the flow rate. 

I pJY + v 2 J2g + z A =p B /Y + v 2 B l2g + z B + h L 0 + 0 + (0.4 + 0.6) = 0 + 0 + 0 + h, 

, / = 1 .000m = ^ LOOP - + °- 4 4 )(6) 

Jipgd 4 (^)(788)(9.807)(0.002) 

Q = 2 .107 x 10 -6 m 3 /s or 7.59 L/h 



9.55 For the system in Fig. 9-14, if the fluid has density of 920 kg/m 3 and the flow rate is unknown, for what value of 
viscosity will the capillary Reynolds number exactly equal the critical value 2300? 

I hr = 1.000 m = —(from Prob. 9.54) 

Pgd 2 

1 000 ( 32 )(m)(0-8 + 0.4)(u) 0.0009398 

(920)(9.807)(0.002) 2 V p 

N r = pdv/p 2300 = (920)(0.002)(0.0009398/;u)/p ju = 0.000867 Pa • s 


9.56 


For the pressure measurements shown in Fig. 9-15, determine (a) whether the flow is up or down, and ( 6 ) the 
flow rate. Use p = 917 kg/m 3 and p = 0.290 Pa • s. 

f HGL = 2 + p/pg 

(a) HGLfl = 15 + (200)(1000)/[(917)(9.807)] = 37.24 m 

HGL„ = 0 + (600)(1000)/[(917)(9.807)] = 66.72 m 

Since HGL A > HGL 0 , the flow is from A to B (i.e., up). 

(A) Assume flow is laminar. 


128uLO 

h f =-= 66.72 - 37.24 = 29.48 m 

npgdr 


L = Vl5 2 + 20 2 = 25.00 m 


2? 40 . (128)(0.290)(25.00)(g) 
(nr)(917)(9.807)(0.030) 4 


Q= 0.000727 m 3 /s or 2.617 m 3 /h v = Q/A = 0.000727/[(tt)( 0.030) 2 /4] = 1.028 m/s 
Nr = pdv/p = (917)(0.030)(1.028)/0.290 = 98 (laminar) 
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P B =200 kPa 


9.57 


9.58 



Fig. 9-15 

Repeat Prob. 9.56 if the pressures are the same but there is a pump between A and B which adds a 10-m head 
rise in the flow direction. Is the flow still laminar? 

I h f = HGL a - HGL a + h pumf> . Using values of HGL„ and HGL a from Prob. 9.56, 

128pLQ 


h f = 66.72 - 37.24 + 10 = 39.48 m = 


npgd* 


L = 25.00 m (from Prob. 9.56) 


Q = 0.000974 m 3 /s or 3.51 m 3 /h 


r 10 (128)(0.290)(25.00)«2) 

(jt)(917)(9. 807)(0.030) 4 

v = Q/A = 0.000974/[(jt)( 0.030) 2 /4] = 1.378 m/s 
N k = pdv/p = (917)(0.030)(1.378)/0.290 = 131 (laminar) 

Water at 40 C flows from tank A to tank B as shown in Fig. 9-16. Find the volumetric flow, neglecting entrance 
losses to the capillary tube as well as exit losses. 

f PA/Y + v 2 A /2g + z A =p B /Y + v%/2g + z B + h L 0 + 0 + (0.22 + 0.1) = 0 + 0 + 0 + h f ^ = 0.32 

Assume laminar flow. 

mpLQ (128)(6.51Xl0- 4 )(0.22 + 0.08)(G) ^ , 

' npgd 4 (jr)(992)(9.807)(0.001) 4 G - 3.912 x 10 m/s-1.41L/h 

v = Q/A = 3.912 x 10“ 7 /[(jt)(0. 001) 2 /4] = 0.4981 m/s 
N r = pdv/p = (992)(0.001)(0.4981)/(6.51 x 10 4 ) = 759 (laminar) 


A - 


cU-, = 1 



0.22 m 


V//////////////////A fig. 9-16 

9-59 In Prob. 9.58, what should the internal diameter of the tube be to permit a flow of 2.16 L/h? 
f Assuming laminar flow, Q « d* or d a Q 1 '*; hence 

(2. 16\ 1/4 


( 2 16\ 1/4 

—-J (1 mm) = 1.534 

Computation of N K shows the flow to be indeed laminar. 


mm 
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9.60 A hypodermic needle has an inside diameter of 0.3 mm and is 60mm in length, as shown in Fig. 9-17. If the 
piston moves to the right at a speed of 18 mm/s and there is no leakage, what force F is needed on the piston? 
The medicine in the hypodermic has a viscosity p of 0.980 x 10 ~ 3 Pa • s and its density p is 800 kg/m 3 . 

Consider flows in both needle and cylinder. Neglect exit losses from the needle as well as losses at the juncture 
of the needle and cylinder. 

f For cylinder: 

Q = Av = [(jt)( 0.005) 2 /4](0.018) = 3.534 x 10 ~ 7 m 3 /s 
N R = pdv/p = (800)(0.005)(0.018)/(0.980 X 10 3 ) = 73 (laminar) 

128 nLQ (128)(0.980 x 10“ 3 )(0.050)(3.534 X 10~ 7 ) 


For needle: 


p=- 


Jtd* 


P i = - 


(tt)(0.005) 4 


' = 1.129 Pa 


v = Q/A = 3.534 X 10 —7 /[(^r)(0.3/1000) 2 /4] = 5.000 m/s 
Nr = (800)(0.3/1000)(5.000)/(0.980 x 10~ 3 ) = 1224 (laminar) 

(128)(0.980 x 10- 3 )(0.060)(3.534 x 10 7 ) _ _ „ 

-(*)(0.3/1000)"- 104 525 Pa 

F = (A pYA***.) = (l 04 525 - 1.129)[(jt)(0.005) 2 /4] = 2.05 N 


V s 18 mm/s 


z 


Cylinder 


^Needle 





5 mm t 



-—50 mm—* 


^<^ = 0.3 mm 

-60 mm-* 


Fig. 9-17 


9.61 


In Prob. 9.60, suppose that medicine is drawn from a bottle at atmospheric pressure. What is the largest flow of 
fluid if the fluid has a vapor pressure of 4.8 kPa abs? Neglect losses in the cylinder. 


I 


128uLO 

Ap = 101400 - 4800 = 96 600 Pa =- —■ 

Jld 


96 600 = 


(128)(0.980 X lQ- 3 )(0.060)(Q max ) 
(*r)(3 X 10 ~ 4 ) 4 


Q m „ = 3.27 x 10 ~ 7 m 3 /s = 0.327 mL/s 


9.62 In Prob. 9.60, it took a force of 2.05 N to move the piston to the right at a speed of 18 mm/s. What should the 
inside diameter be for the cylinder if the force needed is only 1.2 N for the same piston speed? Neglect losses in 
cylinder. 

. F hi .. _128 pLQ .. w (128X0.980 x 1Q- 3 )(0.06Q)(3.534 x 1 0 7 ) 

A (jr)(0.005) /4 nd nd 

d = 0.343 mm N R = pdv/fi = (800)(0.343/1000)(0.018)/(0.980 x 10“ 3 ) = 5 (laminar) 

9.63 Water at 70 °F flows through a new cast iron pipe at a velocity of 9.7 ft/s. The pipe is 1200 ft long and has a 
diameter of 6 in. Find the head loss due to friction. 

I A / = (/)(L/d)(u 2 /2g) N r = dv/v = (£)(9.7)/(1.05 X 10 5 ) = 461 905 

From Table A-9, e = 0.00085 ft for new cast iron pipe; e/d = 0.00085/(^) = 0.0017. From Fig. A-5, / = 0.0230; 
hf = 0.0230[1200/(£)]{9.7 2 /[(2)(32.2)]} = 80.6 ft. 

9.64 A 96-in-diameter new cast iron pipe carries water at 60 °F. The head loss due to friction is 1.5 ft per 1000 ft of 
pipe. What is the discharge capacity of the pipe? 

I h f — (f)(L/d)(v 2 /2g) 1.5 = (/)[1000/(?§)]{u7[(2)(32.2)]} fv 2 = 0.7728 

Assume f = 0.0150; (0.0150)(u 2 ) = 0.7728, u = 7.178 ft/s; Nr = dv/v = (ff)(7.178)/(1.21 x 10 5 ) = 4.75 x 10 6 . 
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From Table A-9, e = 0.00085 ft for new cast iron pipe, e/d = 0.00085/(?§) = 0.000106. From Fig. A-5, 

/ = 0.0124. Evidently, the assumed value of/of 0.0150 was not the correct one. Try a value of/of 0.0124. 
(0.0124)(v 2 ) = 0.7728, v = 7.894 ft/s; N„ = (ff)(7.894)/(1.21 x 10~ 5 ) = 5.22 x 10 6 . From Fig. A-5,/ = 0.0124. 
Hence, 0.0124 must be the correct value off, and v = 7.894ft/s. Q = Av = [(jt)(?§) 2 /4](7.894) = 397 fP/s. 


9.65 Water at 70 °F is being drained from an open tank through a 24-in-diameter, 130-ft-long new cast iron pipe, as 
shown in Fig. 9-18. Find the flow rate at which water is being discharged from the pipe. Neglect minor losses. 

I pJy + v\/2g + 2 , =p 2 /y + v\/2g + z 2 + h L 

h L = h f = (f)(L/d)(v 2 /2g) = (/)[130/(f|)]{v|/[(2)(32.2)]} = 1.009/v 2 2 
0 + 0 + 150.5 = 0 + ul/[(2)(32.2)] + 98.4 + 1.009/v| 

Assume / = 0.0240. 

150.5 = u!/[(2)(32.2)] + 98.4 + (1.009)(0.0240)(n|) v 2 = 36.21 ft/s 
N R = dv/v = (f|)(36.21)/(1.05 x 10~ 5 ) = 6.90 X 10 6 

From Table A-9, e = 0.00085, e/d = 0.00085/(i) = 0.000425. From Fig. A-5,/ = 0.0162. Evidently, the 
assumed value of/of 0.0240 was not the correct one. Try a value of/of 0.0162. 

150.5 = u|/[(2)(32.2)] +98.4+ (1.009)(0.0162)(nl) v 2 = 40.43 ft/s 

N r = (f|)(40.43)/(1.05 X 10- 5 ) = 7.70 x 10 6 

From Fig. A-5, / = 0.0162. Hence, 0.0162 must be the correct value off, and v = 40.43 ft/s. Q =Av = 
[(jr)(fi) 2 /4](40.43) = 127 ft 3 /s. 


Water 



Elev. 130.5 ft 


© 


Elev. 98.4 ft 


Fig. 9-18 


9.66 Gasoline is being discharged from a pipe, as shown in Fig. 9-19. The pipe roughness (e) is 0.500 mm, and the 
pressure at point 1 is 2500 kPa. Find the pipe diameter needed to discharge gasoline at a rate of 0.10 m 3 /s. 
Neglect any minor losses. 

I pJy + vl/Zg + Zi=p 2 /y + vl/2g + z 2 + h L 

h L = h f = (f)(L/d)(v 2 /2g) = (/)(965.5/d){u 2 /[(2)(9.807)]} = 49.23 fv\/d 
2.500/7.05 + v 2 J2g + 82.65 = 0 + v\/2g + 66.66 + 49.23/vi/d v\/2g = v\/2g 

fv 2 2 /d = 0.3320 v 2 = Q/A 2 = 0.10/(^d 2 /4) = 0.1273/d 2 (/)(0.1273/d 2 ) 2 /d = 0.3320 d = (0.04881/) 1 ' 5 

Assume/ = 0.0200. d = [(0.04881)(0.0200)] 1/5 = 0.2500 m, v 2 = 0.1273/0.2500 2 = 2.037 m/s; N R = pdv/n = 
(719)(0.2500)(2.037)/(2.92 x 10” 4 ) = 1.25 x 10 6 . From Table A-9, e = 0.00050 m. e/d = 0.00050/0.2500 = 
0.0020. From Fig. A-5,/ = 0.0235. Evidently, the assumed value of/of 0.0200 was not the correct one. Try a 
value of/of 0.0235. 

d = [(0.04881)(0.0235)] l/s = 0.2582 m v = 0.1273/0.2582 2 = 1.909 m/s 

N r = (719)(0.2582)(1.909)/(2.92 X 10~ 4 ) = 1.21 x 10 6 
e/d = 0.00050/0.2582 = 0.00194 / = 0.0235 

Hence, 0.0235 must be the correct value off, and d = 0.2582 m. 







FLOW IN CLOSED CONDUITS 0 211 


Etev. 82.65 m 



9.67 Water at 20 °C flows through a new cast iron pipe at a velocity of 4.2 m/s. The pipe is 400 m long and has a 
diameter of 150 mm. Determine the head loss due to friction. 

I h f = (f)(L/d)(v 2 /2g) N R = dv/v = (^)(4.2)/(1.02 x 10~ 6 ) = 6.18 x 10 5 

From Table A-9, e = 0.00026 m. e/d = 0.00026/0.150 = 0.00173. From Fig. A-5, / = 0.0226. h, = 
0.0226[400/® )]{4.27[(2)(9.807)]} = 54.20 m. 

9.68 SAE10 oil at 68 °F is to be pumped at a flow rate of 2.0 ft 3 /s through a level 6-in-diameter new wrought iron 
pipe. Determine the pressure loss in pounds per square inch per mile of pipe and compute the horsepower lost 
to friction. 

I h f = (f)(L/d)(v 2 /2g) v = Q/A = 2.0/[(;r)(^) 2 /4] = 10.19 ft/s 

N r = pdv/p = (1.68)(n)(10.19)/(1.70 x 10“ 3 ) = 5035 (turbulent) 

From Table A-9, e = 0.00015 ft. e/d = 0.00015/® = 0.00030. From Fig. A-5, / = 0.038. h, = 
0.038[5280/®]{10.19 2 /[(2)(32.2)]> = 647 ft of oil; p = yh = (54.2)(647)/144 = 244 psi/mile. 

9.69 Water at 20 °C flows in a 100-mm-diameter new cast iron pipe with a velocity of 5.0 m/s. Determine the 
pressure drop in kilopascals per 100 m of pipe and the power lost to friction. 

I h f = (f)(L/d)(v 2 /2g) N r = dv/v = (tbbb)(5.0)/(1.02 x 10" 6 ) = 4.90 x 10 5 

From Table A-9, e = 0.00026 m. e/d = 0.00026/®) = 0.0026. From Fig. A-5, / = 0.0252. 

h f = 0.0252[100/® )]{5.07[(2)(9.807)]} = 32.12 m p = (9.79)(32.12) = 314 kN/m 2 per 100 m of pipe 

Q = Av = [(^r)® ) 2 /4](5.0) = 0.03927 m 3 /s 
Power lost = Qyh f = (0.03927)(9.79)(32.12) = 12.35 kW per 100 m of pipe 

9.70 Determine the discharge capacity of a 150-mm-diameter new wrought iron pipe to carry water at 20 °C if the 
pressure loss due to friction may not exceed 35 kPa per 100 m of level pipe. 

I A„=du/v = ®)(u)/(1.02xl0- 6 ) = 1.47xl0 5 t; 

Trial No. 1 

Assume v = 3.0 m/s: N R = (1.47 x lO^.O) = 4.41 x 10 5 , e/d = 0.000046/®) = 0.000307. From Fig. A-5, 

/ = 0.0164, h f = (f)(L/d)(v 2 /2g)-ply = 35/9.79 = 3.575 m, 3.575 = 0.0164[100/®)]{u 2 /[(2)(9.807)]}, v = 
2.53 m/s. 

Trial No. 2 

Assume u = 2.53 m/s: N R = (1.47 x 10 5 )(2.53) = 3.72 x 10 5 , / = 0.0166, 3.575 = 
0.0166[100/®)]{u 2 /[(2)(9.807)]}, u= 2.52m/s; Q=Av = [(x)®) 2 /4](2.52) = 0.0445 m 3 /s. 

9.71 SAE30 oil at 68 °F is to be pumped at a flow rate of 3.0 ft 3 /s through a level new cast iron pipe. Allowable pipe 
friction loss is 10 psi per 1000 ft of pipe. What size commercial pipe should be used? 


I 


p = yh (10)(144) = 55Ah f h f = 26.0 ft of oil per 1000 ft of pipe 
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Trial No. 1 

Assume v = 5.0 ft/s: 

Q=A/v 3.0 = (jtd 2 /4)(5.0) d = 0.874 ft 
N r = pdv/fi = (1.72)(0.874)(5.0)/(9.2 x 10 3 ) = 817 (laminar) 
h f = (f)(L/d)(v 2 /2g) f = 64/= & = 0.0783 
26.0 = (0.0783)(1000/0.874) { u 2 / [(2)(32.2)]} v = 4.32 ft/s 

Trial No. 2 

Assume u = 4.32 ft/s: 

3.0 = (nrd 2 /4)(4.32) d = 0.940 ft A„ = (1.72)(0.940)(4.32)/(9.2 X 10“ 3 ) = 759 (laminar) 

/ = = 0.0843 26.0 = (0.0843)(1000/0.940){u7[(2)(32.2)]} u = 4.32 ft/s 

Hence, a pipe diameter of 0.940 ft, or 11.28 in, would be required. A 12-in-diameter commercial pipe should be 
used, which would result in a pipe friction loss somewhat less than the allowable 10 psi per 1000 ft of pipe. 


9.72 


SAE10 oil at 20 °C is to flow through a 300-m level concrete pipe. What size pipe will carry 0.0142 m 3 /s with a 
pressure drop due to friction of 23.94 kPa? 

f p = yh 23.94 = S.52h f h f = 2.81m 

Trial No. 1 

Assume v = 1.5 m/s: 

Q=A/v 0.0142 = (jrd 2 /4)(1.5) d = 0.110m 
N r = pdv/p = (869)(0.110)(1.5)/(8.14 x 10“ 2 ) = 1761 (laminar) 
h f = (f)(Lld)(v 2 /2g) f • 64/= t^i = 0.0363 
2.81 = (0.0363)(300/0.110) {u 2 /[(2) (9.807)] > v = 0.746 m/s 

Trial No. 2 

Assume v = 0.746 m/s: 

0.0142 = (jrd 2 /4)(0.746) d = 0.156 m N R = (869)(0.156)(0.746)/(8.14/10 2 ) = 1242 (laminar) 
/ = jgj = 0.0515 2.81 = (0.0515)(300/0.156){u 2 /[(2)(9.807)]} v = 0.746 m/s 

Hence, a pipe diameter of 0.156 m, or 156 mm, would be required. 


Compute the friction factor for flow having a Reynolds number of 5 x 10 3 and relative roughness (e/d) of 0.015 
(transition zone). Use the Colebrook formula, the Swamee-Jain formula, and the Moody diagram. 

f Colebrook formula: 

1/V7= 1.14 - 2.0 log [e/d + 9.35/(A F V7)] = 1.14 - 2.0 log [0.015 + 9.35/(5 x lOV/)] 

/ = 0.0515 (by trial and error) 

Swamee-Jain formula: 

/ = 0.25/[log (e/3.7 d) + (5.47/AT)] 2 = 0.25/{log (0.015/3.7) + [5.47/(5 x 10 3 ) 0 9 ]} 2 = 0.0438 


Moody diagram (Fig. A-5): 


/ = 0.0512 


9.74 Repeat Prob. 9.73 for flow having a Reynolds number of 4 x 10 6 and relative roughness (e/d) of 0.0001 
(rough-pipe zone). 

f Colebrook formula: 

/ = 1/[1.14 - 2.0 log (e/d)] 2 = 1/[1.14 - 2.0 log (0.0001)] 2 = 0.0120 

Swamee-Jain formula: 

/ = 0.25/[log (e/3.7 d) + (5.74/A^ 9 )] 2 = 0.25/(log (0.0001/3.7) + [5.74/(4 x 10 6 ) 09 ]} 2 = 0.0120 
Moody diagram (Fig. A-5): 


/ = 0.0125 
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We have oil of kinematic viscosity 8 x 10~ 5 ft 2 /s going through an 80-ft horizontal pipe. If the initial pressure is 
5.0 psig and the final pressure is 3.5 psig, compute the mass flow if the pipe has a diameter of 3 in. At a point 
10 ft from the end of the pipe a vertical tube is attached to be flush with the inside radius of the pipe. How high 
will the oil rise in the tube? p = 50 lbm/ft 3 . Pipe is commercial steel (e = 0.000145 ft). 

I pjy + v\/2g + Zi = pjy + vl/2g + z 2 + h L 

(5.0)(144)/(50/32.2) + v\t2g + 0 = (3.5)(144)/(50/32.2) + v\/2g + 0 + h f 
v\l2g = v\l2g h f = 139.1 ft = (f)(L/d)(v 2 /2) 139.1 = (/)[80/(^)](u 2 /2) fv 2 = 0.8694 

Try/ = 0.020: 0.020u 2 = 0.8694, v = 6.593 ft/s; N R = dv/v = (£)(6.593)/(8 x 10“ 5 ) = 2.06 X 10 4 ; e/d = 
0.000145/(^) = 0.000580. From Fig. A-5,/ = 0.0265. Try/ = 0.0265: 0.0265u 2 = 0.8694, v = 5.728 ft/s; 

N r = (ft)(5.728)/(8 x 10- 5 ) = 1.79 x 10 4 ;/ = 0.0267, 0.0267i/ 2 = 0.8694, v = 5.706ft/s; M = pAv = 
50[(^)(n) 2 /4](5.706) = 14.0 Ibm/s. To find the pressure at the point 10 ft from the end of the pipe (call it point 
A), apply the Bernoulli equation between point 1 and point A: 

(5.0)(144)/(50/32.2) + v\/2g + 0 = pj( 50/32.2) + v\/2g + 0 + h f 
h f = 463.7 - 0.6440p„ = 0.0267[70/(£)](5.706 2 /2) = 121.7 ft 
121.7 = 463.7 — 0.6440p A p A = 531.1 lbm/ft 2 h =p/p = 531.1/50 = 10.62ft 

How much water is flowing through the pipe shown in Fig. 9-20? Take v = 0.114 x 10 -5 m 2 /s and 
e = 0.0000442 m. 

I pJy + v\/2g + z, = pJy + vl/2g + Z 2 + h L 1.6 + uf/2 g + 0 = 0.3 + vl/2g + 0 + h, 

v\/2g = vl/2g h f = 1.3 m = (J)(L/d)(v 2 /2g) 

Try/= 0.015: 

1.3 = 0.015[10/(0.150)]{u 2 /[(2)(9.807)]} v = 5.050 m/s 
N k = dv/v = (0.150)(5.050)/(0.114 x 10 5 ) = 6.64 X 10 s e/d = 0.0000442/(0.150) = 0.000295 
From Fig. A-5, / = 0.016. 

1.3 = 0.016[10/(0.150)]{u 2 /[(2)(9.807)]} v = 4.889 m/s 
M = pAv = 1000[(jr)(0.150) 2 /4](4.889) = 86.4 kg/s 



Whiskey (s.g. = 0.6, v = 5.0 x 10“ 7 m 2 /s) is drawn from a tank through a hose of inside diameter 25 mm (see 
Fig. 9-21). The relative roughness for the hose is 0.0004. Calculate the volumetric flow and the minimum 
pressure in the hose. The total length of hose is 9 m and the length of hose to point A is 3.25 m. Neglect minor 
losses at head entrance. 

f Pi/Y + v\/2g + z, =p 2 /y + vl/2g + Z 2 + h L 0 + 0+(5- 1.5) = 0 + u^/[(2)(9.807)] + 0 + h, 

h f = 3.5 - 0.05098v| = (f)(L/d)(v 2 /2g) 
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Try/= 0.016: 

hf = 0.016[9/(0.025)]{t/|/[(2)(9.807)]} = 0.2937i>l 0.2937t^ = 3.5 - 0.05098ul u = 3.187 m/s 

N r = dv/v = (0.025)(3.187)/(5.0 X 10~ 7 ) = 1.59 X 10 5 
From Fig. A-5 with e/d = 0.0004, / = 0.019. Try / = 0.019: 

h f = 0.019[9/(0.025)] {i>!/[(2)(9.807)]} = 0.3487t>i 0.3487i>l = 3.5 - 0.05098w| v = 2.959 m/s 

N R = dv/v = (0.025)(2.959)/(5.0 x 10~ 7 ) = 1.48 X 10 5 / = 0.019 

Q =Av = [(jt)( 0.025) 2 /4](2.959) = 1.45 L/s pjy + v\/2g + z, = p^/y + i^/2g + z A + h L 
0 + 0 + (5 - 1.5) = Px/[(0.6)(9.79)] + 2.959 2 /[(2)(9.807)] + 5 + h f p A = -11.43 - 5.874^ 
h f = 0.019[3.25/(0.025)]{2.959 2 /[(2)(9.807)]} = 1.103 m p A = -11.43 - (5.874)(1.103) = -17.91 kPa 


v =2.959 m/s 



Fig. 9-21 


In using the Darcy-Weisbach equation for flow in a pressure conduit, what percentage error is introduced in Q 
when/is misjudged by 20 percent? 

f hf = (f)(L/d)(v 2 /2g) = KJQ 2 (where K x is a constant) 

Assume h f is constant. Q = K 2 lVf= K 2 f~ m , dQ = -\{K 2 )(f~ 3/2 )(df) 

^Q = = ~Yf = -(iX° 2 °) = -° 10 or "10 percent 

For the system in Fig. 9-13, find the flow rate if the liquid is water at 68 °F. 

f Assume smooth-wall turbulent flow. p A /y+ v\/2g + z A =p B /Y + v%/2g + z B + h L , 0 + 0+ 10 = 0 + 
u|/[(2)(32.2)] + 0 + hf, h f = 10 - 0.01553u| = (f)(L/d)(v 2 /2g). Try/ = 0.02: 

h f = 0.02[6/(0.5/12)]{n|/[(2)(32.2)]} = 0.04472t^ 10 - 0.01553t;| = 0.04472n| v B = 12.88 ft/s 

N r = pdv/p = (1.93)(0.5/12)(12.88)/(2.04 x 10" 5 ) = 5.08 x 10 4 (turbulent) 

From Fig. A-5, / = 0.0208. Try / = 0.0208: 

h, = 0.0208[6/(0.5/12)]{vi/[(2)(32.2)]} = 0.04651u| 10 - 0.01553u| = 0.04651v| v B = 12.70 ft/s 

N r = pdv/p = (1.93)(0.5/12)(12.70)/(2.04 x 10“ 5 ) = 5.01 x 10 4 (turbulent) 

/ = 0.0208 Q=Av = [( jt)(0. 5 /12) 2 /4] (12.70) = 0.0173 ft 3 /s 


If 1 mile of 3-in-diameter wrought iron pipe carries water at 68 °F and v = 23 ft/s, compute the head loss and the 
pressure drop. 

I h f = (f)(Lfd)(v 2 /2g) N r = pdv/p = (1.93)(h)(7/0.3048)/(2.04 x 10~ 5 ) = 5.43 x 10 5 

e/d = 0.00015/Cn) = 0.000600 
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From Fig. A-5,/ = 0.0182. 

h f = 0.0182[5280/(£)]{(23) 2 /[(2)(32.2)]} = 3157 ft p = yh f = (62.4)(3157)/144 = 1368 lb/in 2 

Ml Mercury at 20 °C flows through 3 m of 6-mm-diameter glass tubing with average velocity 2.0 m/s. Compute the 
head loss and the pressure drop. 

I h f = (f)(L/d)(v 2 /2g) N r = pdv/p = (13 570)(0.006)(2.0)/(1.56 x 10“ 3 ) = 1.04 x 10 5 

From Fig. A-5, / = 0.0180 (assuming glass to be “smooth”). 

h f = 0.0180(3/(0.006)] (2.0 2 /[(2)(9.807)]} = 1.835 m p = yfy = [(13.6)(9.79)](1.835) = 244 kPa 

M2 Gasoline at 20 °C is pumped at 0.2 m 3 /s through 16 km of 180-mm-diameter cast iron pipe. Compute the power 
required if the pumps are 75 percent efficient. 

I h f = (f)(L/d)(v 2 /2g) v = Q/A = 0.2/[(jr)(0.180) 2 /4] = 7.860 m/s 

N r = pdv/fi = (719)(0.180)(7.860)/(2.92 x 10~ 4 ) = 3.48 x 10 6 e/d = 0.00026/(0.180) = 0.00144 
From Fig. A-5, / = 0.0216. 

h f = 0.0216[(16)(1000)/(0.180)]{7.860 2 /[(2)(9.807)]} = 6048 m 
P = pgQhf/t] = (719)(9.807)(0.2)(6048)/0.75 = 11.37 x 10 6 W or 11.37 MW 

M3 Vinegar (s.g. = 0.86, v = 0.00003 ft 2 /s) flows at 1 ft 3 /s through a 6-in asphalted cast iron pipe. The pipe is 2000 ft 
long and slopes upward at 10° in the flow direction. Compute the head loss and the pressure change. 

I h f = (f)(L/d)(v 2 /2g) « = fiM = l/[W(^/4] = 5.093 ft/s 

N r = dv/v = (£)(5.093)/0.00003 = 8.49 x 10 4 e/d = 0.0004/(£) = 0.000800 

From Fig. A-5,/= 0.0219. 

hf = 0.0219[2000/(£)]{5.093 2 /[(2)(32.2)]} = 35.28 ft h,, = 35.28 + 2000 sin 10° = 382.6 ft 
p — yh f = [(0.86)(62.4)](382.6)/144 = 142.6 lb/in 2 

M4 The pipe flow in Fig. 9-22 is driven by pressurized air in the tank. What gage pressure p, is needed to provide a 
flow rate of 50 m 3 /h of water? Assume a “smooth” pipe. 

f Pj/y + v]/2g + Zi = p 2 /y + v!/2g + z 2 + h L v 2 = Q/A 2 = (50/3600)/[(^)(0.050) 2 /4] = 7.074 m/s 
h L = h f = (f)(L/d)(v 2 /2g) N r = pdv/p = (998)(0.050)(7.074)/(1.02 x 10" 3 ) = 3.46 x 10 5 
From Fig. A-5, / = 0.0140. 

h L = 0.0140[(40 + 80 + 20)/0.050]{7.074 2 /[(2)(9.807)]} = 100.0 m 
pj 9.79 + 0 + 10 = 0 + 7.074 2 /[(2)(9.807)] + 80 + 100.0 Pl = 1689 kPa gage 



216 0 CHAPTER 9 


9.85 In Fig. 9-22 suppose the fluid is methanol at 20 °C and p, =900 kPa gage. What flow rate Q results? 

I pJy + vi/2g + 2 , =p 2 /r + v\!2g + z 2 + h L 900/7.73 + 0+ 10 = 0 + v|/[(2)(9.807)] + 80 + h L 

h L = 46.43 - 0.05098v| = h f = (f)(L/d)(v 2 /2g) 

Try/= 0.02: 

h L = 0.02[(40 + 80 + 20)/0.050]{u|/[(2)(9.807)]} = 2.855u| 2.855vl = 46.43 - 0.05098vl v 2 = 4.000m/s 

N r = pdvln = (788)(0.050)(4.000)/(5.98 x 10- 4 ) = 2.64 x 10 5 
From Fig. A-5, / = 0.0150. Try / = 0.0150: 

h L = 0.0150[(40 + 80 + 20)/0.050]{u|/[(2)(9.807)]} = 2.141 vl 2.141vl = 46.43 - 0.05098v 2 2 v 2 = 4.602m/s 

N r = (788)(0.050)(4.602)/(5.98 x 10 4 ) = 3.03 x 10 5 

Try/= 0.0145: 

h L = 0.0145[(40 + 80 + 20)/0.050]{vl/[(2)(9.807)]} = 2.070vl 2.070vl = 46.43 - 0.05098vl v 2 = 4.679m/s 

Nr = (788) (0.050) (4.679)/(5.98 x 10 4 ) = 3.08 x 10 5 / = 0.0145 

At this Reynolds number, Q = Av = [(rr)(0.050) 2 /4](4.679) = 0.00919 m 3 /s or 33.1 m 3 /h. 

9.86 In Fig. 9-22 suppose the fluid is carbon tetrachloride at 20 °C and p, = 1300 kPa. Calculate the pipe diameter 
needed for a volumetric flow of 5.555 L/s. 

I Pi/y + v\/2g + 2 , =p 2 /y + vl/2g + z 2 + h L pJy + 0 + z, = 0 + v\/2g +z 2 + (f)(L/d)(vl/2g) 

.2 _ ( 2 «)(Pi/y + z.~ z 2 ) (2)(9.807)(1300/15.57 + 10 - 80) 264.7 

1+fL/d l + (/)(40 + 80 + 20)/d “l + 140//d 

= (Q/A 2 f = [(5.555 x 10- 3 )/(^d 2 /4)] 2 = 0.00005004/d 4 
u 2 = 0.007074/d 2 

0.00005004 264.7 (1 + 140//d) 1/4 

d 4 “ 1 + 140//d “ 47.96 

Try d = 50 mm, or 0.050 m: N R = pdv/p = (1588)(0.050)(0.007074/0.050 2 )/(9.67 x 10 4 ) = 2.32 x 10 5 . From 
Fig. A-5, / = 0.0151. d = [1 + (140)(0.0151/0.050)] 1,4 /47.96 = 0.0535 m. Try d = 0.0535 m: 

N r = (1588)(0.0535)(0.007074/0.0535 2 )/(9.67 x 10“ 4 ) = 2.17 x 10 s / = 0.0155 

d = [1 + (140)(0.0155/0.0535)] 1 ' 4 /47.96 = 0.0529 m 
Try d = 0.0529 m: 

Nr = (1588)(0.0529)(0.007074/0.0529 2 )/(9.67 x 10“ 4 ) = 2.20 x 10 5 / = 0.0155 

d = [1 + (140)(0.0155/0.0529)] 1/4 /47.96 = 0.0531 m 
Try d = 0.0531 m: 

N r = (1588)(0.0531)(0.007074/0.0531 2 )/(9.67 x 10" 4 ) = 2.19 X 10 5 / = 0.0155 

d = [1 + (140)(0.0155/0.0531)V' 4 /47.96 = 0.05301 m 
Hence, use d = 0.053 m, or 53 mm. 

9.87 The reservoirs in Fig. 9-23 contain water at 20 °C. If the pipe is smooth, with L = 7 km and d = 50 mm, what will 
the flow rate be for A z = 98 m? 

f p,/y + v 2 J2g + z x = p 2 /y + vl/2g + z 2 + h L 0 + 0 + 100 = 0 + 0 + 0 + h f h f = 98 m = (J)(L/d)(v 2 /2g ) 

98 = (/)[7000/0.050] {v 2 /[(2)(9.807)]} v = 0.1172 iVf 

Try/ = 0.02: v = 0.1172/VO02 = 0.8287 m/s, N R = pdv/p = (998)(0.050)(0.8287)/(1.02 x 10“ 3 ) = 4.05 x 10 4 . 
From Fig. A-5, / = 0.022. Try / = 0.022: 

v = 0.1172/V0.022 = 0.7902 m/s N R = (998)(0.050)(0.7902)/(1.02 x 10 3 ) = 3.87 x 10 4 

/= 0.022 (O.K.) 

Q = Av = [(nr)(0.050) 2 /4](0.7902) = 0.00155 m 3 /s or 5.58 m 3 /h 
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Fig. 9-23 


Repeat Prob. 9.87 to find QifL = 2500 ft, d = 3 in, and A z = 82 ft. 

I Pi/y + v\/2g + z l =p 2 /Y + vl/2g + z 2 + h L 0 + 0+82 = 0 + 0 + 0 + /!, /i, = 82 ft = (/)(L/d)(u 2 /2g) 

82 = (/)[2500/(£)]{u 2 /[(2)(32.2)]} v = 0.7267 /\ff 

Try/= 0.02: 

t» = 0.7267/V002 = 5.139 ft/s N„ = pdv/p = (1.93)(^)(5.139)/(2.04 x 10“ 5 ) = 1.22 x 10 5 
From Fig. A-5,/ = 0.0175. Try/ = 0.0175: 

v = 0.7267/VO.0175 = 5.493 ft/s Afc = (1.93)(£)(5.493)/(2.04 X 10“ 5 ) = 1.30 X 10 s / = 0.0170 

Try/= 0.0170: 

u = 0.7267/V0.0170 = 5.574 ft/s /V* = (1.93)(£)(5.574)/(2.04 X 10- 5 ) = 1.32 X 10 s 
/ = 0.0170 (O.K.) Q=Av = [() r)(^) 2 /4](5.574) = 0.2736 ft 3 /s or 985 ft 3 /h 

Repeat Prob. 9.88 if the pipe has a roughness of 0.2 mm. 

I From Prob. 9.88, v = 0.7267/Vf. Try / = 0.02: 

N r = 1.22 x 10 5 e/d = 0.2/[(3)(25.4)] = 0.00262 
From Fig. A-5, / = 0.0265. Try / = 0.0265: 

v = 0.7267/V0.0265 = 4.464 ft/s JV* = (1.93)(^)(4.464)/(2.04 x 10 5 ) = 1.06 x 10 5 

/ = 0.0265 (O.K.) g= An = [(jr)(£) 2 /4](4.464) = 0.2191 ft»/s or 789 ftVh 

This is (985 — 789)/985 = 0.199, or 19.9 percent less than when the pipe is smooth. 

Water at 20 °C flows through a 598-m pipe 150 mm in diameter at 60 L/s. Determine the pipe roughness if the 
head loss is 49 m. 

* h >- = (f)(L/d)(v 2 /2g) v = Q/A = 0.06/[(jr)(0.150) 2 /4] = 3.395 m/s 

49 = (/)[598/(0.150)] (3.395 2 /[(2)(9.807)]} / = 0.0209 

N k = pdv/p = (998)(0.150)(3.395)/(1.02 x 10“ 3 ) = 4.98 x 10 s 
From Fig. A-5 with/ = 0.0209 and N R = 4.98 x 10 5 , e/d = 0.0012; e = (150)(0.0012) = 0.180mm. 

A 4-in-diameter commercial steel pipe is to be sloped so that 198 gpm of water at 20 °C passes through it in 
gravity flow. Find the declination 6 of the pipe. 


I 


Q = (198)(0.002228) = 0.4411 ft 3 /s v = Q/A = 0.4411/[(nr)(^) 2 /4] = 5.055 ft/s 
e/d = 0.00015/Cr) = 0.00045 N R = dv/v = (A)(5.055)/(1.05 x 10“ 5 ) = 1.60 x 10 5 
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From Fig. A-5, / = 0.0190. sin 6 = A zJL = h f /L = {f)(l/d)(v 2 /2g), sin 6 = 0.0190[l/(^)]{5.055 2 /[(2)(32.2)]>, 
0 = 1.30°. 

9.92 In Prob. 9.91 find the volume flow corresponding to 0 = 3°. 

I From Prob. 9.91, (f)(l/d)(v 2 /2g) = sin 0, (/)[l/(£)]{t; 2 /[(2)(32.2)]} = sin 3°, v = 1.060 /y/f. Try / = 0.02: 
t; = 1.060/V6!02 = 7.495 ft/s N R = dv/v = (£)(7.495)/(1.05 x 10“ 5 ) = 2.38 x 10 5 
eld = 0.00045 (from Prob. 9.91) 

From Fig. A-5, / = 0.0182. Try / = 0.0182: 

v = 1.060/V0.0182 = 7.857 ft/s N R = (^)(7.857)/(1.05/10- 5 ) = 2.49 x 10 5 
/ = 0.0182 (O.K.) Q = Av = [(n:)(^) 2 /4](7.857) = 0.6857 ft 3 /s = 0.6857/0.002228 = 308 gpm 

9.93 A tank containing 1 m 3 of water at 20 °C has an outlet tube at the bottom, as shown in Fig. 9-24. Find the 
instantaneous volume flux Q, if the roughness of the tank is e = 1.5 fim. 

I pjy + v\/2g + z 1 =p 2 /y + v\/2g + z 2 + h L 

h L = h f = (f)(L/d)(v 2 /2g) = (/)[0.82/0.04] {t> 2 /[(2)(9.807)]} = 1.045/u 2 

0 + 0 + (1 + 0.82) = 0 +1»|/[(2)(9.807)] + 0 + 1.045/t^ v 2 = 1.349/V0.05098 + 1.045/ 

Try/=0.02: 

v 2 = 1.349/V0.05098 + (1.045)(0.02) = 5.032 m/s 
N r = dv/v = (0.04)(5.032)/(1.02 x lO -6 ) = 1.97 x 10 5 e/d = 0.0000015/0.04 = 0.0000375 
From Fig. A-5, / = 0.016. Try / = 0.016: 

v 2 - 1.349/V0.05098 + (1.045)(0.016) = 5.185 m/s N R = (0.04)(5.185)/(1.02 x 10' 6 ) = 2.03 x 10 5 
/ = 0.016 (O.K.) Q =Av = [(jt)( 0.04) 2 /4](5. 185) = 0.006516 m 3 /s = 6.516 L/s 



9.94 


Repeat Prob. 9.93 for a fluid with p = 917 kg/m 3 and ju = 0.29 Pa • s. 
I pjy + v\/2g + z t = p 2 /y + v\/2g +z 2 + h L . Assume laminar flow. 


Z2p.Lv (32) (0.29)(0.82) (v) 
pgd 2 ~ (917)(9.807)(0.04) 2 


= 0.5288u 2 


0 + 0 + (1 + 0.82) = 0 + ul/[(2)(9.807)] + 0 + 0.5288u 2 v\ + 10.37u 2 - 35.70 = 0 


N r = pdv/p = (917)(0.04)(2.726)/0.29 = 345 (laminar) 
Q -Av = [(jr)(0.04) 2 /4](2.726) = 0.003426 m 3 /s = 3.426 L/s 


v = 2.726 m/s 
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9.95 What depth of water behind a dam (Fig. 9-25) will yield a flow rate of 0.02 ft 3 /s through the 0.5-in commercial 
steel exit pipe? 

I pjy + v\/2g + z t = p 2 /y + v\/2g +Z 2 + h L v 2 = Q/A = 0.02/[(rr)(0.5/12) 2 /4] = 14.67 ft/s 

h L = h f = (f)(L/d){v 2 /2g) N r = dt//v = (0.5/12)(14.67)/(1.05 x 10“ 5 ) = 5.82 X 10 4 

e/d = 0.00015/(0.5/12) = 0.00360 

From Fig. A-5,/ = 0.0295: h L = 0.0295[100/(0.5/12)]{14.67 2 /[(2)(32.2)]} = 236.6ft, 0 + 0 + H = 

0 + 14.67 2 /[(2)(32.2)] + 0 + 236.6, H = 239.9 ft. 


H 

L = 100 ft 

j > n 

1*" Fig. 9-25 

9.96 In Fig. 9-25, imagine the fluid to be benzene at 20 °C and H = 100 ft. What pipe diameter is required for the 
flow rate to be 0.02 ft 3 /s? 

f Pi/y + v\/2g + z t = p 2 / y + v!/2g + z 2 + h L 

h L = h f = (J)(L/d)(v 2 /2g) = (/)(100/ d) (u|/[(2)(32.2)]} = 1.553 fv\ld 

0 + 0+100 = 0 + u|/[(2)(32.2)] + 0 + 1.553 fv\!d v 2 = Q/A 2 = 0.02/(jid 2 /4) = 0.02546/d 2 

100 = (0.02546/ d 2 ) 2 1 [(2)(32.2)] + (1.553)(/)(0.02546/d 2 ) 2 /d d = [(1.007 x 10 7 ) + (1.007 x 10 5 //d)]' /4 

Try d = 0.05 ft: N„ = pdv/p = (1.70)(0.05)(0.02546/0.05 2 )/(1.36 x 10~ 5 ) = 6.36 x 10 4 , e/d = 0.00015/0.05 = 
0.00300. From Fig. A-5, /= 0.028. d = [(1.007 x 10" 7 ) + (1.007 x 10" 5 )(0.028)/0.05] 1/4 = 0.0489 ft. Try d = 
0.00489 ft: 

Nr = (1.70)(0.0489)(0.02546/0.0489 2 )/(1.36 x 10“ 5 ) = 6.51 x 10 4 / = 0.028 (O.K.) 

d= 0.0489 ft or 0.59 in 

9.97 Water at 70 °F flows through 102 ft of 0.5-in-diameter piping whose roughness is 0.01 in. Find the volumetric 
flow if the pressure drop is 60 psi. 

f pjy + v\/2g + z, = p 2 /y + v\/2g + z 2 + h L 

h L = h f = (f)(Lld)(v 2 /2g) = (/)[102/(0.5/12)]{u 2 /[(2)(32.2)]> = 38.01/u 2 
(60)(144)/62.3 + v?/2g + 0 = 0 + u 2 /2g + 0 + 38.01/v 2 v?/2g = v|/2g u 2 = 1.910 /Vf 

Try/= 0.05: 

v 2 = 1.910/Vo!05 = 8.542 ft/s N R = dv/v = (0.5/12)(8.542)/(1.05 x 10" 5 ) = 3.39 x 10 4 

e/d = 0.01/0.5 = 0.0200 

/ = 0.050 (O.K.) Q = Av = [(;r)(0.5/12) 2 /4](8.542) = 0.0116 ft 3 /s 

9.98 Ethanol at 20 °C flows at 3.2 m/s through a 10-cm-diameter pipeline (e = 1.5 ^m). Compute (c) the head loss 
per kilometer of tube and (6) the wall shear stress. 

I (a) h f = (/)(L/d)(u 2 /2g) N R = pdv/p = (788)(0.10)(3.2)/(1.20 x 10" 3 ) = 2.10 x 10 5 

e/d = 0.0000015/0.10 = 0.0000150 

From Fig. A-5, / = 0.0158. h f = 0.0158[1000/0.10]{(3.2) 2 /[(2)(9.807)]} = 82.5 m per 1000 m. 

(fc) u* = vVm = (3. 2)V0. 0158/8 = 0.1422 m/s T wal , = (p)(u*) 2 = (788)(0. 1422) 2 = 15.9 Pa 
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9.99 


In Fig. 9-26, the 50-m duct is 60 mm in diameter. Compute the flow rate if the fluid has p = 917 kg/m 3 and 
p = 0.29 Pa • s. 

f Assume laminar flow from 1 to 2. 

pjpg + v\/2g + Zt= pjpg + v\/2g + Z 2 + h L 


h,=h,= 


12SpLQ (128)(0.29)(50)((2) 


r= 5069 Q 


npgd 4 (jt)(917)(9.807)(0.060) 4 

0 + 0 + 12 = (205)(1000)/[(917)(9.807)] + 0 + 0 + 5069Q Q = -0.002130 m 3 /s or 

Since Q is negative, flow is from 2 to 1. 

v = Q/A = 0.002130/[(;r)(0.060)74] = 0.7533 m/s 
N r = pdv/p = (917)(0.060)(0.7533)/0.29 = 143 (laminar) 


-7.67 m 3 /h 



Fig. 9-26 


9.100 Compute the diameter of duct in Fig. 9-26 required to maintain a flow rate of 25 m 3 /h. 


Pzv\ Pi. v i, . . 

— + — + z 2 = — + z~ + z t +h L 

pg 2g pg 2g 


h, =h f = 


128 pLQ (128)(0.29)(50)(25/3600) 4.5621 X10“ 


npgd 4 (nr)(917)(9.807)(d) 4 d* 

(205)(1000)/[(917)(9.807)] + 0 + 0 = 0 + 0+12 + 4.5621 X 10 ~*/d 4 d = 0.0806 m 

v = Q/A = (25/3600)/[(jt)( 0.0806)74] = 1.361 m/s 
N r = pdv/p = (917)(0.0806)(1.361)/0.29 = 347 (laminar) 


9.101 A 40-ft-long conduit, having an annular cross section with a = 1 in and b = 0.5 in, connects two reservoirs which 
differ in surface height by 21 ft. Compute the flow rate if the fluid is water at 20 °C and the conduit is made of 
commercial steel. 

f Hydraulic diameter = D h = (2)(a — b) = (2)(1 — 0.5) = 1.00 in pjy + v\/2g + z, = p 2 / Y + vl/28 +z 2 + h L 
0 + 0 + 21 = 0 + 0 + 0 + h L h L = 21 ft = ft, = (f)(L/d)(v 2 /2g) 

21 = (/)[40/(1.00/12)] { u 2 /[(2)(32.2)]} v = 1.679 /y/f 

Try/= 0.02: 

v = 1.679/V6i02 = 11.87 ft/s N R = dv/v = (1.00/12)(11.87)/(1.05 x 10“ 5 ) = 9.42 X 10 4 

e/d = 0.00015/(1.00/12) = 0.00180 
From Fig. A-5, / = 0.0246. Try / = 0.0246: 

v = 1.679/Vo.0246 = 10.70 ft/s N R = (1.00/12)(10.70)/(1.05 x 10 5 ) = 8.49 x 10 4 / = 0.0250 

Try/ = 0.0250: - 

v = 1.679/V0.0250 = 10.62 ft/s N R = (1.00/12)(10.62)/(1.05 x 10" 5 ) = 8.43 x 10 4 
/ = 0.0250 (O.K.) Q = Av = {(*)[(1.00/12) 2 - (0.5/12) 2 ]}(10.62) = 0.174 ft 3 /s 
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| 9.102 An annular capillary causes a very large pressure drop and is useful in an accurate measurement of viscosity. If 
a smooth annulus 1 m long with a = 50 mm and b —49 mm carries an oil flow at 0.0012 m 3 /s, what is the oil 
| viscosity if the pressure drop is 260 kPa? 

J I Q = (n/&p)(Ap / L)[a* — b* — (a 2 — b 2 ) 2 /ln (a/b)\ 

0.0012 = (jr/8p)(260 000/l)[0.050 4 - 0.049 4 - (0.050 2 - 0.049 2 ) 2 /ln (0.050/0.049)] p = 0.0738 Pa • s 
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A metal ventilation duct (e = 0.00015 ft) carries air at 20 °C and 1 atm. The duct section is an equilateral 
triangle 1 ft on a side, and its length is 100 ft. If a blower can deliver 1 hp to the air, what flow rate can occur? 

f From Fig. 9-27, 

A — 5 ( 1 X 5 V3) = 0.4330 ft 2 

P = Qyh f Q = Av = 0.4330u h f = (f)(Lld)(v 2 l2g) d = D h = 4A/ Pw 
D h = (4)(0.4330)/[(12 + 12 + 12)/12] = 0.5773 ft h f = (/)(100/0.5773){u 2 /[(2)(32.2)]} = 2.69/u 2 
(1)(550) = (0.4330u)(0.0750)(2.69/u 2 ) v = 18.47// ,/3 

Try/ = 0.02: 

v = 18.47/0.02 1 ' 3 = 68.04ft/s N R = dv/v = (0.5773)(68.04)/(1.64 x 10“ 4 ) = 2.40 x 10 5 

e/D h = 0.00015/0.5773 = 0.000260 
From Fig. A-5, / = 0.0176. Try / = 0.0176: 

v = 18.47/0.0176 w = 71.00 ft/s N R = (0.5773)(71.00)/(1.64 X 10^ 4 ) = 2.60 x 10 5 
/ = 0.0176 (O.K.) Q = (0.4330)(71.00) = 30.7 ft 3 /s 



9.104 A fluid with p = 917 kg/m 3 and p = 0.29 Pa • s flows between two smooth parallel plates 5 cm apart (h = 5 cm) at 
an average velocity of 3 m/s. Compute the pressure drop, centerline velocity, and head loss for each 100 m of 
length. 

I d = D h = 2h = (2)(0.05) = 0.1000 m N R = pdv/fi = (917)(0.1000)(3)/0.29 = 949 (laminar) 
v = (/i 2 /12p)(Ap/L) 3={(0.05) 2 /[(12)(0.29)]}(Ap/100) Ap=417 600Pa 

h f = A p/pg = 417 600/[(917)(9.807)] = 46.44 m u <L =1.5v = (1.5)(3) = 4.50 m/s 

9.105 Air at STP is forced at 25 m/s through a 30-cm-square steel duct 148 m long. Compute the head loss, pressure 
drop, and power required if the blower efficiency is 60 percent. Use e = 0.000046 m. 

f d = D h = 4 A/p w = (4)[(0.30)(0.30)]/[(4)(0.30)] = 0.3000 m 

h f = (f)(L/d)(y 2 /2g) = (/)(148/0.3000) (25 2 /[(2)(9.807)]} = 15 720/ 

N r = pdv/p = (1.20)(0.3000)(25)/(1.81 x lO" 5 ) = 4.97 X 10 5 e/d = 0.000046/0.3000 = 0.000153 
From Fig. A-5, / = 0.0150. 

h f = (15 720)(0.0150) = 235.8 m A p = pgh f = (1.20)(9.807)(235.8) = 2775 Pa 

Q = Av = [(0.30)(0.30)](25) = 2.25 m 3 /s 

P = PgQhf/f) = (1.20)(9.807)(2.25)(235.8)/0.60= 10 406 W or 10.4 kW 
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9.106 A 50-m-long wind tunnel has a wooden (e = 0.0001 m) rectangular section 40 cm by 1 m. The average flow 
velocity is 45 m/s for air at STP. Compute the pressure drop, assuming fully developed conditions, and the 
power required if the fan has 70 percent efficiency. 

I d = D h = 4A/p w = (4)[(i&)(l)]/(i§j + & + 1 + 1) = 0.5714 m 

h f = (f)(L/d)(y 2 /2g) = (/)(50/0.5714){45 2 /[(2)(9.807)]} = 9034/ 

N r = pdv/p = (1.20)(0.5714)(45)/(1.81 x 10“ 5 ) = 1.70 x 10 6 e/d = 0.0001/0.5714 = 0.000175 
From Fig. A-5, / = 0.0140. 

h f = (9034)(0.0140) = 126.5 m A p = pgh f = (1.20)(9.807)(126.5) = 1489 Pa 

Q =Av = [(t&)( 1)](45) = 18.00 m 3 /s 

P = PgQhf/i) = (1.20)(9.807)(18.00)(126.5)/0.70 = 38 281 W or 38.3 kW 

9.107 A smooth rectangular duct 82 m long, of aspect ratio 6 :1, is designed to transport 0.6 m 3 /s of hydrogen at STP. 
If the pressure drop is 75 Pa, calculate the dimensions of the cross section. For hydrogen, p = 0.0838 kg/m 3 and 
p = 9.05 pPa • s. 

f Let h = height of duct; then duct width = 6 h. 

d = D h = 4A/p w = (4)[(6h)(h)]/(6h + 6h+h+h) = 1.714* v = Q/A = 0.6/[(6*)(/»)] = 0.1000/Zi 2 
h f = (f)(L/d)(v 2 /2g) = (/)(82/1.714/i){(0.1000//i 2 ) 2 /[(2)(9.807)]} = 0.02439///i 5 
A p = pghf 75 = (0.0838)(9.807)(0.02439/ /h s ) h = 0.1929/ 1/s 

Try / = 0.02: h = (0.1929)(0.02) 1/5 = 0.08821 m, N R = pdv/p = 

0.0838[(1.714)(0.08821)](0.1000/0.08821 2 )/(9.05 x 10~ 6 ) = 1.80 x 10 4 . From Fig. A-5,/ = 0.0265. Try/ = 
0.0265: h = (0.1929)(0.0265) 1/5 = 0.09332 m, N„ = 0.0838[(1.714)(0.09332)](0.1000/0.09332 2 )/(9.05 x 10~ 6 ) = 
1.70 x 10 4 , / = 0.0267. Try/ = 0.0267: h = (0.1929)(0.0267) 1/5 = 0.09346 m, N R = 

0.0838[(1.714)(0.09346)](0.1000/0.09346 2 )/(9.05 x 10 6 ) = 1.70 x 10 4 . 

/ = 0.0267 (O.K.) 

Hence, h = 9.35 cm and width = 6h = 56.1 cm. 

9.108 Kerosene at 10 C flows steadily at 15 L/min through a 150-m-long horizontal length of 5.5-cm-diameter cast 
iron pipe. Compare the pressure drop of the kerosene flow with that of the same flow rate of benzene at 10 °C 
through the same pipe. At 10 °C, p = 820 kg/m 3 and p = 0.0025 N • s/m 2 for kerosene, and p = 899 kg/m 3 and 
p = 0.0008 N • s/m 2 for benzene. 

f For kerosene: 

v = Qt A = [(is§o)/60}/[(tt)(5.5/100) 2 /4] = 0.1052 m/s 
N r = pdv/p = (820)(5.5/100)(0.1052)/0.0025 = 1898 (laminar) 

A p = 8 pvL/rl = (8)(0.0025)(0.1052)(150)/[(5.5/100)/2] 2 = 417 Pa 

For benzene: 

N r = (899)(5.5/100)(0.1052)/0.0008 = 6502 (turbulent) 

A p = (/)(L/d)(p)(u 2 /2) e/d = 0.00026/(5.5/100) = 0.00473 

From Fig. A-5,/ = 0.040: A p = (0.040)[150/(5.5/100)}(899)(0.1052 2 /2) = 543 Pa. The pressure drop is greater 
for the benzene than the kerosene, although the benzene has a lower viscosity. If both flows had been laminar 
or both turbulent, the lower-viscosity fluid, benzene, would have had the lower pressure drop. However, the 
viscosity of the kerosene is high enough to give laminar flow, while the lower viscosity of the benzene causes a 
high enough Reynolds number for turbulent flow. 

9.109 Water at 60 °F flows through a 250-ft length of horizontal 2-in-diameter drawn tubing. If the pressure drop 
across the tubing is 10 psi, what is the flow rate? 

I Assume turbulent flow. h f = (f)(L/d)(v 2 /2g), h f = (10)(144)/62.4 = 23.08 ft, 23.08 = 
(/)[250/(£)]{u 2 /[(2)(32.2)]}, v = 0.9954 fy/f. Try v = 5 ft/s: N R = pdv/p = (1.94)(f 2 )(5)/(2.35 x 10 5 ) = 6.88 x 
10 4 (turbulent), e/d = 0.000005/(^) = 0.000030. From Fig. A-5,/ = 0.0195. v = 0.9954/V0.0195 = 7.13 ft/s. 
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9.110 


Try v = 7.13 ft/s: N R = (1.94)(^)(7.13)/(2.35 x 1(T 5 ) = 9.81 x 10 4 , / = 0.0180, v = 0.9954/VO.0180 = 7.42ft/s. 
Try v = 7.42 ft/s: A* = (1.94)(^)(7.42)/(2.35 x 10“ 5 ) = 1.02 X 10 5 , / = 0.0180 (O.K.); Q=Av = 

[{x){ri) 2 l 4] (7.42) = 0.162 ft 2 / s. 

Air at 200 °F and 15 psig is to be passed through a 150-ft length of new galvanized iron pipe at a rate of 15 ft 3 /s. 
If the maximum allowable pressure drop is 5 psi, estimate the minimum pipe diameter. 

I h f = (f)(L/d)(v 2 /2g) = p/y y= p /RT = ( 15 +14.7)(144)/[(53.3)(200 + 460)] = 0.1216 lb/ft 3 

h f = (5)(144)/0.1216 = 5921 ft v = Q/A = 15/(jcd 2 /4) = 19.10 Id 2 

5921 = (/)(150/d){(19.10/d 2 )7[(2)(32.2)]} d = 0.6782 f' 5 

Try d = 0.5 ft: 

N r = pdv/p = (y/g)(dv)/fi = (0.1216/32.2)(0.5)(19.10/0.5 2 )/(4.49 x 10~ 7 ) =3.21 x 10 s 

e/d = 0.0005/0.5 = 0.0010 

From Fig. A-5,/ = 0.0205; d = (0.6782)(0.0205) 1/5 = 0.3117 ft. 


Try d = 0.3117 ft: 

N r = (0.1216/32.2)(0.3117)(19.10/0.3117 2 )/(4.49 x 10~ 7 ) = 5.15 x 10 5 e/d = 0.0005/0.3117 = 0.0016 

/ = 0.0225 d = (0.6782)(0.0225) 1/s = 0.3175 ft 

Try d = 0.3175 ft: 

N r = (0.1216/32.2)(0.3175)(19.10/0.3175 2 )/(4.49 X 10~ 7 ) = 5.06 X 10 5 e/d = 0.0005/0.3175 = 0.0016 


Hence, d = 0.3175 ft, or 3.81 in. 


/ = 0.0225 (O.K.) 


9.111 Compute the loss of head and pressure drop in 200 ft of horizontal 6-in-diameter asphalted cast iron pipe 
carrying water with a mean velocity of 6 ft/s. 

f h, = (f)(L/d)(v 2 /2g) N r = dv/v = Cfe)(6)/(1.05 x 10~ 5 ) = 2.86 x 10 5 e/d = 0.0004/(&) = 
0.00080 

From Fig. A-5,/ = 0.020: 

h f = (0.020)[200/(£)]{67[(2)(32.2)]} = 4.47 ft A p = yh f = (62.4)(4.47) = 279 lb/ft 2 

9.112 Oil with p = 900 kg/m 3 and v = 0.00001 m 2 /s flows at 0.2 m 3 /s through 500 m of 200-mm-diameter cast iron 
pipe. Determine (a) the head loss and (A) the pressure drop if the pipe slopes down at 10° in the flow direction. 

f («) h f = (f)(L/d)(v 2 /2g) v = Q/A = 0.2/[(*:)(t^) 2 /4] = 6.366 m/s 

N r = dv/v = (t 35 b)( 6 . 366)/0.00001 = 1.27 x 10 5 e/d = 0.00026/®) = 0.00130 
From Fig. A-5, / = 0.0225, h f = 0.0225(500/®)]{6.366 2 /[(2)(9.807)]} = 116.2 m. 

(b) h f = ApKpg) + L sin 10° 116.2 = Ap/[(900)(9.807)] + (500)(sin 10°) 

Ap = 259 300 Pa or 259.3 kPa 

9.113 Oil with p = 950 kg/m 3 and v = 0.00002 m 2 /s flows through a 30-cm-diameter pipe 100 m long with a head loss 
of 8 m. The roughness ratio e/d is 0.0002. Find the average velocity and flow rate. 

I h f = (f)(L/d)(v 2 /2g) 8 = (/)[100/(ti)]{u7[(2)(9.807)]} t/ = 0.6861/\ If 

Try v = 5 m/s: N R = dv/v = (# J )(5)/0.00002 = 7.50 x 10 4 . From Fig. A-5,/ = 0.020, v = 0.6861/V0.020 = 

4.851 m/s. Try v = 4.851 m/s: N R = ®)(4.851)/0.00002 = 7.28 x 10 4 , / = 0.020 (O.K.). Q = Av = 
t(^)(^) 2 /4](4.851) = 0.343 m 3 /s. 

9.114 Fluid flows at an average velocity of 6 ft/s between horizontal parallel plates a distance of 2.4 in apart 
(h = 2.4 in). Estimate the head loss and pressure drop for each 100 ft of length for p = 1.9 slugs/ft 3 and 
v = 0.00002 ff/s. Assume smooth walls. 

I h f = (f)(L/d)(v 2 /2g) d = D h = 2h D h = (2)(2.4/12) = 0.400 ft 

N r = dv/v = (0.400)(6)/0.00002 = 1.20 x 10 5 (turbulent) 
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From Fig. A-5,/ = 0.0173. 

h f = (0.0173)(100/0.400) {6 2 /[(2)(32.2)]> = 2.42 ft A p= pgh f = (1.9)(32.2)(2.42) = 148 lb/ft 2 

9.115 Repeat Prob. 9.114 if v = 0.002 ft 2 /s. 

I N K = dv/v = (0.400)(6)/0.002 = 1200 (laminar) / = 96/N* = T§b = 0.0800 

h f = (f)(L/d)(v 2 /2g) = (0.0800) (100/0.400) {6 2 /[(2)(32.2)]} = 11.18 ft 
Ap = pghf = (1.9)(32.2)(11.18) = 684 lb/ft 2 

9.116 Estimate the reservoir level h needed to maintain a flow of 0.01 m 3 /s through the commercial steel annulus 30 m 
long shown in Fig. 9-28. Neglect entrance effects and take p = 1000 kg/m 3 and v = 1.02 x 10 6 m 2 /s for water. 

I pjy + v\/2g + z, =pJY + vl/2g + Z 2 + h f v = Q/A = 0.01/{(^)[(4j) 2 - (j^) 2 ]} = 1.989 m/s 

hf = (f)(L/d)(v 2 /2g) d = D h = (2)(a - b ) D h = (2)(ik - ^o) = 0.0400 m 

h f = (/)(30/0.0400) {1.989 2 /[(2)(9.807)]} = 151.3/ 0 + 0-Wi=0+ 1.989 2 /[(2)(9.807)] + 0 +151.3/ 

h = 0.2017 +151.3/ N„ = dv/v = (0.0400)(1.989)/(1.02 x 10~ 6 ) = 7.80 x 10 4 

e/d = 0.000046/0.0400 = 0.00115 

From Fig. A-5,/ = 0.0232, h = 0.2017 + (151.3)(0.0232) = 3.71 m. 


(0 


h 

s ? 
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y yb = 3 cm 
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Water 


L = 30 m 


Fig. 9-28 


9.117 Air with p = 0.00237 slug/ft 3 and v = 0.000157 ft 2 /s is forced through a horizontal square 9-in by 9-in duct 100 ft 
long at 25 ft 3 /s. Find the presssure drop if e = 0.0003 ft. 

I h f = (f)(L/d)(v 2 /2g) Nr = dv/v D h = AA/p w = 4[(£)(£)]/[(4)(£)] = 0.7500 ft 

From Table A-10, for b/a = or 1.0, the effective diameter is d = = (64/56.91)(£>*) = (64/56.91)(0.7500) = 

0.8434 ft, u = Q/A = 25/[(&)(£)] = 44.44 ft/s, N R = (0.8434)(44.44)/0.000157 = 2.39 x 10 5 , e/d = 
0.0003/0.8434 = 0.000354. From Fig. A-5,/ = 0.0177; h f = (0.0177)(100/0.7500){44.44 2 /[(2)(32.2)]} = 72.37ft, 
A p = pghf = (0.00237)(32.2)(72.37) = 5.52 lb/ft 2 . 

9.118 Find the head loss in 1 ft of 6-in-diameter pipe (e = 0.042 in) when turpentine (s.g. = 0.86) having a viscosity of 
0.0008 lb • s/ft 2 flows at a rate of 16 cfc. Also find the shear stress at the wall of the pipe. 

h f = (f)(L/d)(v 2 /2g) v = Q/A = 16/[(tt)(£) 2 /4] = 81.49 ft/s 

Nr = pdv/fi = [(0.86)(1.94)](£)(81.49)/0.0008 = 8.50 X 10 4 e/d = 0.042/6 = 0.00700 


I 
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From Fig. A-5, / = 0.0324. 

h f =0.0324^1/^^ = 6.68 ft 

to =fpv 2 /S = 0.0324[(0.86)(1.94)] (81.49) 2 /8 = 44.9 lb/ft 2 

9.119 When water at 150 °F flows in a 0.75-in-diameter copper tube at 1.0 gpm, find the head loss per 1000 ft. Also 
find the centerline velocity. 

I Q = (1.0)(0.002228) = 0.002228 ft 3 /s v = Q/A = 0. 002228/[(jt)( 0. 75/12) 2 /4] = 0.7262 ft/s 
h r = (f)(L/d)(v 2 /2g) N r = dv/v = (0.75/12)(0.7262)/(4.68 x 10“ 6 ) = 9.70 x 10 3 
eld = 0.000005/(0.75/12) = 0.0000800 

From Fig. A-5, / = 0.030. 

h f = (0.030)[1000/(0.75/12)]{0.7262 2 /[(2)(32.2)]} = 3.93 ft 
u maK = (u)(l + 1.33/ ,/2 ) = 0.7262[1 + (1.33)(0.030) 1/2 ] = 0.893 ft/s 
6, = 32.8v MvO = (32.8X4.68 x 10' 6 )|((0.m2X0.03Gin * 0.00122 ft 

9.120 Refer to Prob. 9.119. How thick is the viscous boundary layer for a flow of 20 gpm? 

f The Reynolds number is now (20/1.0)(9.70 x 10 3 ) = 1.94 x 10 s . From Fig. A-5,/ = 0.016. Then, 

6, = 32.8 v/(wf w ) = (32.8)(4.68 x l0- 6 )/[(20)(0.7262)(0.Q16) 1 ' 2 ] = 8.36 x 10 5 ft 

9.121 Find the maximum velocity in a 100-mm-diameter pipe (e = 0.00085 m) when oil (s.g. = 0.84), of viscosity 
0.0052 Pa • s flows at a rate of 40 L/s. 

f v = q/a = (40 x 10~ 3 )/[(jr)(0.100) 2 /4] = 5.093 m/s 

N r = pdv/p = [(0.84)(1000)](0.100)(5.093)/0.0052 = 8.23 x 10 4 e/d = 0.00085/(0.100) = 0.0085 

From Fig. A-5, / = 0.0365. Hence, 

«m„ = (t»)(l + 1-33 f' n ) = 5.093(1 + (1.33)(0.0365) 1/2 ] = 6.387 m/s 

9.122 The head loss in 240 ft of 6-in-diameter pipe is known to be 30 ft when oil (s.g. = 0.90) flows at 2.0 ft 3 /s. 
Determine the shear stress at the wall of the pipe. 

I v = Q/A = 2. 0/[(jr)(d) 2 /4] = 10.19 ft/s 

N r = pdv/p = [(0.90)(1.94)](£)(10.19)/0.0008 = 1.11 x 10 4 (turbulent) 
h f = (f)(L/d)(v 2 /2g) 30 = (/)[240/(£)]{10.19 2 /(2)(32.2)]} / = 0.0388 

to =fpv 2 /8 = 0.0388[(0.90)(1.94)] (10.19) 2 /8 = 0.879 lb/ft 2 

9.123 If, in a 1-m-diameter pipe, velocities are 5.03 m/s on the centerline and 4.85 m/s at r = 100 mm, what is the flow 
rate? 

I u = u m „ - (5.75)(r 0 /p) m log [r 0 /(r 0 - r)] 

4.85 = 5.03 - (5.75)(t 0 /p) 1/2 log [500/(500 - 100)] (r 0 /p) 1/2 = 0.3230 

v = « m „ - (|)(2.5VWp) = 5.03 - (|)(2.5)(0.3230) = 3.819 m/s Q =Av = [(jt)(1) 2 /4](3.819) = 3.00 m 3 /s 
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9.124 The velocities in a 30-in-diameter pipe are measured as 15.0 and 14.5 ft/s at r = 0 and r = 4 in, respectively. 
Approximate the flow rate. 

f m = « max - (5.75)(r o/p) 1 ' 2 log [rj(r 0 - r)] 14.5 = 15.0 - (5.75)(r 0 /p) 1/2 log [15/(15 - 4)] 

(r 0 /p) 1/2 = 0.6456 r 0 /p=fv 2 /8 (r 0 /p) i/2 = (fv 2 /8) V2 = 0.6456 / = 3.3344/v 2 

u max = (u)(l + 1.33/ 1/2 ) 15.0 = (u)(l + 1.33/ 1 ' 2 ) 15.0 = (u)[l + (1.33)(3.3344 /i> 2 ) 1/2 ] 

15.0 = v + 2.4286 v = 12.57 ft/s g =Au = [(^)(i) 2 /4](12.57) = 61.7ft 3 /s 

9.125 With turbulent flow in a circular pipe, prove that the mean velocity occurs at a distance of approximately 0.78r 0 
from the centerline of the pipe. 

I u = (1 + 1.33/' /2 )(u) - (2.04)(/ 1,2 )(u) log [r„/(r„ -r)] 0 = 1.33 f 1,2 v - (2.04/ 1/2 t/){log [r 0 /(r 0 - r)]} 

log [r 0 /(r 0 - r)] = 0.65196 r„/(r 0 — r) = antilog 0.65196 = 4.487 r = 0.776r o 

9.126 The flow rate in a 12-in-diameter pipe is 8 cfs. The flow is known to be turbulent, and the centerline velocity is 
12.0 fps. Determine the velocity profile, and determine the head loss per foot of pipe. 

f v = Q/A = 8/[(jt)(i!) 2 /4] = 10.19 ft/s u max = (w)(l + 1.33/“) 12.0 = (10.19)(1 +1.33/ 1/2 ) 

/ = 0.01784 h f = (f)(L/d)(v 2 /2g) = 0.01784[l/(B)]{10.19 2 /[(2)(32.2)]} = 0.0288 ft per foot 

r„ = (//4)(p)(u 2 /2) = (0.01784/4)(p)(10.19 2 /2) (r J p) m = 0.4812 

It = Mmax - 5.75(r 0 /p) 1/2 log [r 0 /(r 0 - r)] 

For r = 0, u = 12.0 - (5.75)(0.4812) log [6/(6 - 0)] = 12.0 ft/s. For r = 2, u = 12.0 - (5.75)(0.4812) log [6/(6 - 
2)] = 11.5 ft/s. For r = 4, u = 12.0 - (5.75)(0.4812) log [6/(6 - 4)] = 10.7 ft/s. For r = 5, « = 12.0 - 
(5.75)(0.4812) log [6/(6 - 5)] = 9.85ft/s. For r = 5.5, u = 12.0- (5.75)(0.4812) log [6/(6- 5.5)] = 9.01 ft/s. For 
r = 5.9, u = 12.0 - (5.75)(0.4812) log [6/(6 - 5.9)] = 7.08 ft/s. For r = 5.99, u = 12.0 - (5.75)(0.4812) log [6/(6- 
5.99)] = 4.31 ft/s. 

9.127 Tung oil (s.g. = 0.82) flows at a temperature of 80 °F (v = 2.21 x 10 5 ft 2 /s) in a 2-in-diameter smooth brass 
pipeline at 10 gpm. Find the head loss per mile. 

f Q = (10)(0.002228) = 0.02228 ft 3 /s v = Q/A = 0.02228/[(tt)(^) 2 /4] = 1.021 ft/s 

h f = (f)(L/d)(v 2 /2g) N r = dv/v = (£)(1.021)/(2.21 x 10” 5 ) = 7.70 x 10 3 
From Fig. A-5 for smooth pipe, f = 0.0333. h, = 0.0333[5280/(£)]{1.021 2 /[(2)(32.2)]} = 17.1 ft per mile. 

9.128 Water at 40 °C flows in a 20-cm-diameter pipe with v = 5.1 m/s. Head loss measurements give/ = 0.022. 
Determine the value of e and find the shear stress at the wall of the pipe and at r = 3 cm. 

I N r = dv/v = (0.20)(5. l)/(6.56 x 10~ 7 ). From Fig. A-5, e/d = 0.0015, e = (20)(0.0015) = 0.0300 cm; r 0 = 
fpv 2 /8 = (0.022)(992)(5.l) 2 /8 = 71.0 Pa; r = (r 0 )(r/r 0 ) = (71.0)(0.03) = 21.3 Pa. 

9.129 Water at 15 °C flows through a 200-mm-diameter pipe with e = 0.01 mm. (a) If the mean velocity is 3.6 m/s, 
what is the nominal thickness 6, of the viscous boundary layer? ( b ) What will be the boundary layer thickness if 
the velocity is increased to 6.0 m/s? 

f (a) <5, = 32.8v/(t/ 1/2 ) N R = dv/v = (0.200)(3.6)/(1.16 x 10~ 6 ) = 6.21 x 10 5 

e/d = (0.01/10)/20 = 0.0000500 

From Fig. A-5, / = 0.0133. <5, = (32.8)(1.16 x 10- 6 )/[(3.6)(0.0133) 1/2 ] = 9.16 x 10“ 5 m, or 91.6 pm. 

N r = (0.200)(6.0)/(l. 16 x 10" 6 ) = 1.03 x 10 6 / = 0.0126 

8 i = (32.8)(1.16 x 10 _6 )/[(6.0)(0.0126) I/2 ] = 5.65 x 10“ 5 m or 56.5 pm 


(*) 
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9.130 When water at 50 °F flows at 3.2 cfs in a 2-ft pipeline, the head loss is 0.0004 ft per foot. What will be the head 
loss when glycerin at 68 °F flows through the same pipe at the same rate? 

f h f = (f)(L/d)(v 2 /2g) v = Q/A = 3.2/[(jr)(ff) 2 /4] = 1.0186 ft/s 

For water: 

0.0004 = (/)[ 1/(2)] {1.0186 2 /[(2)(32.2)]} / = 0.04966 

N r = pdv/n = (1.94)(2)(1,0186)/(2.72 x 10“ s ) = 1.45 x 10 5 (turbulent) 

From Fig. A-5, e/d = 0.021. 

For glycerin: 

N r = (2.44)(2)(1.0186)/(3.11 x 10" 2 ) = 160 (laminar) 

/ = 64/N r = 64/160 = 0.4000 h f = 0.4000[l/(2)]{1.0186 2 /[(2)(32.2)]} = 0.00322 ft per ft 

9.131 Air flows at 50 lb/min in a 4-in-diameter welded steel pipe (e = 0.0018 in) at 100 psia and 60 °F. Determine the 
head loss and pressure drop in 200 ft of this pipe. Assume the air to be of constant density. 

I h f = (f)(L/d)(v 2 /2g) N r = pdv/p p = p/RT = (100)(144)/[(1716)(460 + 60)] = 0.01614 slug/ft 3 

W = yAv = pgAv gj = (0.01614)(32.2)[(*r)(£)74](t;) t; = 18.37 ft/s 

N r = (0.01614)(£)(18.37)/(3.74 X 10- 7 ) = 2.64 x 10 5 e/d = 0.0018/4 = 0.00045 

From Fig. A-5,/ = 0.018. h f = 0.018[200/(£)]{18.37 2 /[(2)(32.2)]} = 56.6 ft of air, Ap = pgh f = 

(0.01614)(32.2)(56.6) = 29.4 lb/ft 2 , or 0.204 lb/in 2 . 

9.132 Air flows at an average velocity of 0.5 m/s through a long, 3.2-m-diameter, circular tunnel. Find the head-loss 
gradient at a point where the air temperature and pressure are 16 °C and 109 kPa abs, respectively. Assume 

e = 2 mm. Find also the shear stress at the wall and the thickness of the viscous sublayer. 

I h f /L = (J/d)(v 2 /2g) p = p/RT = (109)(1000)/[(287)(273 + 16)] = 1.314 kg/m 3 

N r = pdv/p = (1.314)(3.2)(0.5)/(1.79 x 10" 5 ) = 1.17 x 10 5 e/d = (0.002)/3.2 = 0.000625 
From Fig. A-5,/= 0.021. 

h f IL = (0.021/3.2)(0.5 2 /[(2)(9.807)]} = 8.36 x 10“ 5 m/m or 83.6 pm/m 
t 0 =fpv 2 /8 = (0.021)(1.314)(0.5) 2 /8 = 0.862 mPa 

5, = 32.8v/(iO = (32.8)(P/P)l(vf' n ) = (32.8)(1.79 X 10- 5 /1.314)/[(0.5)(0.021) 1/2 ] = 0.00620 m or 6.20mm 

9.133 Repeat Prob. 9.132 for the average velocity 5.0 m/s. 

I From Fig. A-5, for N R = (5.0/0.5)(l. 17 x 10 5 ) = 1.17 x 10 6 and e/d = 0.000625, / = 0.018. 

h f /L = (f/d)(v 2 /2g) = (0.018/3.2){5.0 2 /[(2)(9.807)]} = 7.17 x 10 3 m/m 
r 0 =fpv 2 /& = (0.018)(1.314)(5.0) 2 /8 = 73.9 mPa 
<5, = 32.8 v/(vf m ) = (32.8)(p/p)/(vf m ) 

= (32.8)(1.79 x 10 -5 /1.314)/[(5.0)(0.018) 1/2 ] = 6.66 x 10~ 4 m or 0.660 mm 

9.134 Air at 20 °C and atmospheric pressure flows with a velocity of 6 m/s through a 50-mm-diameter pipe. Find the 
head loss per meter of pipe if e = 0.0025 mm. 

I hf/L = (f)(l/d)(v 2 /2g) N R = dv/v = (0.050)(6)/(1.51 x 10 -5 ) = 1.99 x 10* 

e/d = 0.0025/50 = 0.000050 

From Fig. A-5,/ = 0.026. h f /L = 0.026[l/0.050]{6 2 /[(2)(9.807)]} = 0.954 m/m. 






228 a CHAPTER 9 


9.135 What is the head loss per foot of pipe when oil (s.g. = 0.88) having a viscosity of 1.9 x 10 4 lb • s/ft 2 flows in a 
2-in-diameter welded steel pipe at 0.15 cfs? 

f h f /L = (f /d)(v 2 /2g) v = Q/A = 0.15/[(tt)(^) 2 /4] = 6.875 ft/s 

N R = pdv/n = [(0.88)(1.94)](h)(6.875)/(1.9 X 10“ 4 ) = 1.03 X 10 4 e/d = 0.00015/( 7 2 5 ) = 0.00090 
From Fig. A-5, / = 0.033. h f /L = [0.033/(£)]{6.875 2 /[(2)(32.2)]} = 0.145 ft/ft. 

9.136 Water at 50 °F flows in a 36-in-diameter concrete pipe (e = 0.02 in). For a flow rate of 202 cfs, determine N R and 
To¬ 
il v = Q/A = 202/[(^r)(fS) 2 /4] = 28.58 ft/s N R = du/v = (i)(28.58)/(1.40 x 10' 5 ) = 6.12 X 10 6 

To= fpv 2 / 8 c/d = 0.02/36 = 0.000556 

From Fig. A-5,/= 0.0175. 

t 0 = (0.0175)(1.94)(28.58)78 = 3.47 lb/ft 2 


9.137 What is the flow regime in Prob. 9.136? 

f 6, = 32.8v/(t»/ 1/2 ) = (32.8)(1.40 x 10- 5 )/[(28.58)(0.0175) ,/2 ] = 0.000121 ft 

Since (A = 0.000121] < [0.3e = (0.3)(0.02/12) = 0.000500], regime is “rough.” 


9.138 Find the flow rate if water at 60 °F experiences a head loss of sos ft/ft in 6-in cast iron pipe. 

I h f /L = (J)(l/d)(v 2 /2g) 4 os = (/)[l/(^)]{ t, 7[(2)(32.2)]} v = 0.2809/V/ 

Try v = 2 ft/s: N R = dv/ v = (n) (2)/(l-21 x 10' 5 ) = 8.26 x 10 4 , e/d = 0.00085/(^) = 0.00170. From Fig. A-5, 

/ = 0.0245. v = 0.2809/ V0.024 5 = 1.79 ft/s. Try t> = 1.79 ft/s: N R = (£)(1.79)/(1.21 X 10 -5 ) = 7.40 X 10 4 , 

/ = 0.025, v = 0.2809/V0.025 = 1.78 ft/s. Try v = 1.78 ft/s: AT* = (£)(1.78)/(1.21 X 10~ 5 ) = 7.40 X 10 4 , 

/ = 0.025 (O.K.); Q=Av = [(^)(^) 2 /4](1.78) = 0.350 ft7s. 

9.139 Kerosene with kinematic viscosity 5.1 x 10~ 7 m 2 /s flows in a 30-cm-diameter smooth pip>e. Find the flow rate 
when the head loss is 0.4 m per 100 m. 

I h f = (f)(L/d)(v 2 /2g) 0.4 = (/)[100/(4)]{n 2 /[(2)(9.807)]} u = 0.1534 /\ff 

Try u = 1 m/s: N R = dv/v = (^)(l)/(5.1 X 10' 7 ) = 5.88 X 10 s . From Fig. A-5,/ = 0.0128. t; = 

0.1534/ V0.0128 = 1.36 m/s. Try v = 1.36 m/s: N K = (i&)(1.36)/(5.1 x 10' 7 ) = 8.00 x 10 5 ,f = 0.0122, v = 

0.1534/V0.0122 = 1.39 m/s. Try t; = 1.39 m/s: N K = (^j)(1.39)/(5.1 x 10' 7 ) = 8.18 x 10 5 , / = 0.0122 (O.K.); 
Q=Av = [(*)(t&)74](1.39) = 0.0983 m7s. 

9.140 A pipe with e = 0.00015 ft is required to carry fluid of kinematic viscosity 0.00021 ft 2 /s at the rate of 8.0 cfs. If 
the head loss is to be 0.004 ft/ft, calculate the pipe diameter. 

I h f IL = (f/d)(v 2 /2g) v = Q/A = 8.0/(jrd 2 /4) = 10.19/d 2 0.004= (//d)((10.19/d 2 )7[(2)(32.2)]} 

d = 3.320/ 1/5 N r = dv/v = (d)( 10.19/d 2 )/0.00021 = 48 524/d 

Try d = 1 ft: AT* = 48 524/1 = 4.85 x 10 4 , e/d = 0.00015/1 = 0.00015. From Fig. A-5, / = 0.0215. d = 
(3.320)(0.0215) 1/s = 1.54 ft. Try d = 1.54ft: N R = 48 524/1.54 = 3.15 X 10 4 , e/d = 0.00015/1.54 = 0.0000974, 

/ = 0.0235, d = (3.320)(0.0235) 1/s = 1.57 ft. Try d = 1.57 ft: N R = 50 950/1.57 = 3.25 x 10 4 , e/d = 0.00015/1.57 = 
0.0000955,/ = 0.0235 (O.K.). Hence, d = 1.57 ft, or 18.8 in. 
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9.141 (a) Find the shear stress on 40-in-diameter asphalted iron pipe if the fluid is water at 72 °F and the average 
velocity is 10 fps. ( b ) What will be the shear stress if the average velocity is reduced to 5 fps? 

I To = fpv 2 /8 N r = dv /v 

(a) N R = (t§)( 10)/(1.02 X 10~ 5 ) = 3.27 x 10 6 e/d = 0.0004/(f§) = 0.00012 

From Fig. A-5, / = 0.0127. 

To = (0.0127)(1.93)(10) 2 /8 = 0.306 lb/ft 2 

(ft) N r = (f§)(5)/(1.02 x 10~ 5 ) = 1.63 x 10 6 / = 0.0132 

t„ = (0.0132)(1.93)(5) 2 /8 = 0.07% lb/ft 2 

9.142 A straight steel pipeline (e = 0.00015 ft) slopes downward at a small angle 9, where sin 9 = 0 = 0.01523. For 
gravity flow of oil (v = 0.0006 ft 2 /s) at 10 ft 3 /s, what pipe size is needed? 

f sin 0 = hf/L = (f /d)(v z /2g) v = Q/A = 10/(tk/ 2 /4) = 12.73/d 2 

0.01523 = (//d){(12.73/d 2 ) 2 /[(2)(32.2)]> 
d = 2.777/ 1/5 N r = dv/v = 00(12.73/d 2 )/0.0006 = 21 217 /d 

Try d = 1 ft: N R = 21217/1 =2.12 X 10 4 , e/d = 0.00015/1 = 0.00015. From Fig. A-5, / = 0.0265. d = 
(2.777)(0.0265) 1/s = 1.34ft. Try d = 1.34ft: N R = 21217/1.34 = 1.58 x 10 4 , e/d = 0.00015/1.34 = 0.00011, / = 
0.0284, d = (2.777)(0.0284) 1/5 = 1.36 ft. Try d = 1.36ft: N R = 21 217/1.36 = 1.56 x 10 4 , e/d = 0.00015/1.36 = 
0.00011, / = 0.0284 (O.K.). Hence, d = 1.36 ft, or 16.3 in. 

9.143 Water at 140 °F flows in a 0.824-in-diameter iron pipe (e = 0.00015 ft) of length 400 ft between points A and B. 
At point A the elevation of the pipe is 104.0 ft and the pressure is 8.50 psi. At point B the elevation of the pipe 
is 100.3 ft and the pressure is 9.00 psi. Compute the flow rate. 

f Pa/y + v 2 J2g + z A - p„/y + vl/2g + z B + h L 

(8.50)(144)/61.4 + v\/2g + 104.0 = (9.00)(144)/61.4 + v\/2g + 100.3 + h L v 2 J2g = v 2 B /2g 

/i t = 2.52ft h f = h,, = (f)(L/d)(v 2 /2g) 2.52 = (/)[400/(0.824/12)]{u 2 /[(2)(32.2)]} t, = 0.1669/Yf 

Try v = 1 ft/s: N R = dv/v = (0.824 /12)(l) /(5.03 x 10" 6 ) = 1.37 x 10 4 , e/d = 0.00015/(0.824/12) = 0.0022. From 
Fig. A-5,/ = 0.0325. v = 0.1669/V0.0325 = 0.926 ft /s. Try v = 0.926ft/s: N R = (0.824/12)(0.926)/(5.03 x 
10' 6 ) = 1.26 x 10 4 , / = 0.0330, u = 0.1669/V0JQ330 = 0.919 ft/s. Try v = 0.919 ft/s: N R = 

(0.824/12)(0.919)/(5.03 X lO' 6 ) = 1.25 x 10 4 , / = 0.0330 (O.K.); Q = Av = [(jr)(0.824/12) 2 /4](0.917) = 
0.00339 ft 3 /s. 

9.144 Air at 50 psia and 160 °F flows in a 1-ft by 1.5-ft by 1000-ft duct at the rate of 1 lb/min. Find the head loss if 
e = 0.0005 in. 

I h f = (/)(L/d)(u 2 /2g) d = 4R h R h =A/p w = (1)(1.5)/(1 + 1 + 1.5 + 1.5) = 0.300 ft 

d = (4) (0.300) = 1.20 ft W = yAv y = p/RT = (50)(144)/[(53.3)(460 + 160)] = 0.2179 lb/ft 3 

1/60 = 0.2179[(l)(1.5)](u) v = 0.05099 ft/s h f = (/)(1000/1.20){0.05099 2 /[(2)(32.2)]} = 0.03364/ 
N r = dv/v = (1.20)(0.05099)/(2.06 x 10“ 4 ) = 297 (laminar) 

/ = 64 /N r = 64/297 = 0.2155 h f = (0.03364)(0.2155) = 0.00725 ft 

9.145 Find the approximate rate at which 60 °F water will flow in a conduit shaped in the form of an equilateral 
triangle if the head loss is 2 ft per 100 ft. The cross-sectional area of the duct is 120 in 2 , and e = 0.0018 in. 

I First, find the length of each side (s) of the cross section (see Fig. 9-29): 

A = bh/2 120 = (x +x)(\/3x)/2 x = 8.324 in 5 = 2x = (2)(8.324) = 16.65 in 

hf = (f)(L/d)(v 2 /2g) R h = A/p„ = 120/[(3)(16.65)] = 2.402 in or 0.2002 ft 

d = 4R h = (4)(0.2002) = 0.8008 ft 2 = (/)(100/0.8008){u 2 /[(2)(32.2)]} u = 1.016/v7 
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Try v = 10 ft/s: N R = dv/v = (0.8008)(1 0)/(1.2 1 x 10~ 5 ) = 6.62 x 10 5 , e/d = (0.0018/12)/0.8008 = 0.000187. 
From Fig. A-5, / = 0.0150. v = 1.016/V0.0 150 = 8 .30 ft/s. Try v = 8.30 ft/s: N R = (0.8008)(8.30)/(1.21 x 
10“ s ) = 5.49 X 10 5 , / = 0.0155, v = 1.016/V0.0155 = 8.16 ft/s. Try t> = 8.16 ft/s: N R = (0.8008)(8.16)/(1.21 X 
HT 5 ) = 5.40 x 10 s , f = 0.0155 (O.K.); Q=Av = (ifj)(8.16) = 6.80ft 3 /s. 



Fig. 9-29 


1 


9.146 When fluid of weight density 50 lb/ft 3 flows in a 6-in-diameter pipe, the frictional stress between the fluid and j 
the pipe wall is 0.5 lb/ft 2 . Calculate the head loss per mile of pipe. If the flow rate is 2.5 cfs, how much power is■ 
lost per mile? 

I R h = d/4 = (£)/4 = 0.1250 ft h f = (r 0 )(L//?„y) = 0.5{5280/[(0.1250)(50)]} = 422.4 ft per mile 
p = Qyh f = (2.5)(50)(422.4) = 52 800 ft • lb/s per mile = 52 800/550 = 96.0 hp per mile 

9.147 Prove that for a constant rate of discharge and a constant value of /the friction head loss in a pipe varies 
inversely as the fifth power of the diameter. 

| v = Q/A = AQ/nd 2 h f = (f)(L/d)(v 2 /2g) = (j){L/d)[(AQInd 2 f/2g) = (f)(L/d s )(8Q 2 /n 2 g) 

Thus for constant/and constant Q, h f « 1/d 5 . 

9.148 Two long pipes are used to convey water between two reservoirs whose water surfaces are at different 
elevations. One pipe has a diameter twice that of the other. If both pipes have the same value of / and if minor 
losses are neglected, what is the ratio of the flow rates through the two pipes? 

f h f = (f)(L/d)(v 2 /2g) = A elevation h f « Q 2 /d 5 (from Prob. 9.147) 

(h f ) i= (hf) 2 

Therefore, Q\/d\ = Q\/d\, Q 2 tQi = (d 2 /d/f 12 = 2 sn = 5.66. Thus the flow in the larger pipe will be 5.66 times 
that in the smaller one. 


9.149 Points C and D, at the same elevation, are 500 ft apart in an 8-in pipe and are connected to a differential gage 
by means of small tubing. When the flow of water is 6.31 cfs, the deflection of mercury in the gage is 6.43 ft. 
Determine the friction factor/. 

I Pc/y + v 2 c/2g + z c = Pd/y + v 2 o/2g + z D + hf. Since v 2 c /2g = v%/2g and z c = z D , Pjy -p D ly = h f = 
(6.43)(13.6 - 1) = 81.02 ft, v = Q/A = 6.31/[(n:)(^) 2 /4] = 18.08 ft/s, h f = (f)(L/d)(v 2 /2g) = 
(/)[500/(£)]{18.08 2 /[(2)(32.2)]} = 3807 f, 81.02 = 3807 f, f = 0.0213. 


9.150 Oil flows from tank A through 500 ft of 6-in new asphalt-dipped cast iron pipe to point B, as shown in Fig. 9-30. 
What pressure in pounds per square inch will be needed at A to cause 0.450 cfs of oil to flow? (s.g. = 0.840; 
v = 2.27 x 10" s ft 2 /s; e = 0.0004 ft.) 

I Pa/y + v 2 J2g + -Pb/y + vl/2g + z B + h L v B = Q/A B = 0.450/[(tt)(£) 2 /4] = 2.292 ft/s 

h L = h f = (f)(L/d)(v 2 /2g) = (/)[500/(^)]{2.2927[(2)(32.2)]} = 81.57/ 
p / ,/[(0.840)(62.4)] + 0 + 80.0 = 0 + 2.292 2 /[(2)(32.2)] + 100.0 + 81.57/ p A = 1053 + 4276/ 

N r = dv/v = (£)(2.292)/(2.27 x 10~ 5 ) = 5.05 x 10“ e/d = 0.0004/(£) = 0.000800 
From Fig. A-5, / = 0.0235. p A = 1053 + (4276)(0.0235) = 1153 lb/ft 2 , or 8.01 lb/in 2 . 
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1_j Fig. 9-30 

9 151 An old 12-in by 18-in rectangular duct carries air at 15.2 psia and 68 °F through 1500 ft with an average velocity 
of 9.75 ft/s. Determine the loss of head and the pressure drop, assuming the duct to be horizontal and the size 
of the surface imperfections is 0.0018 ft. 

| R h = A/p w = (8)(8)/(8 + n + H + H) = 0.300 ft d = 4/? a = (4)(0.300) = 1.20 ft 

h f = (f)(L/d)(v 2 /2g) = (/)( 1500 /1.20) {9.75 2 /[(2)(32.2)]} = 1845/ 

N r = dv/v = (1.20)(9.75)/[(14.7/15.2)(1.64 x 1(T 4 )] = 7.38 x 10 4 (turbulent) e/d = 0.0018/1.20 = 0.00150 
From Fig. A-5, / = 0.024. 

h f = (1845)(0.024) = 44.28ft of air A p = yh f = [( 15 . 2 / 14 .7)(0.0750)](44.28)/144 = 0.0238 lb/in 

>.152 What size of new cast iron pipe, 8000 ft long, will deliver 37.5 cfs of water at 70 °F with a drop in the hydraulic 
grade line of 215 ft? 

I Pa/y + v 2 J2g + z A = p B /y + v 2 b /2 g + z B + h L [(pjy + z A ) - (p B /y + z B )\ = h L 

[(PaIy + z A ) ~ ( Pb/Y + z B )} = HGL = 215 ft v = Q/A = 37.5/(zrrf 2 /4) = 47.75/d 2 

h L = hf = (f)(L/d)(v 2 /2g) = (/)(8000/d){(47.75/d 2 ) 2 /[(2)(32.2)]} = 283 238 f/d 5 
215 = 283 238 f/d 5 d = 4.207 f 5 N R = dv/v = (d)(47.75/d 2 )/(1.05 x 10" 5 ) = 4.55 x 10 f/d 

T™ d = 2 ft- Nb = (4 55 X 10 6 )/2 = 2.28 X 10 6 , e/d = 0.00085/2 = 0.000425. From Fig. A-5, / = 0.0164. d = 
(4207X0.0164) 1 ' 5 = 1-85 ft. Try d = 1.85 ft: N R = (4.55 X 10 6 )/1.85 = 2.46 x 10 6 , e/d = 0.00085/1.85 = 0.000459, 

/ = 0.0164 (O.K.). Hence, d = 1.85 ft, or 22.2 in. 

9.153 What rate of flow of air at 68 °F will be carried by a new horizontal 2-in-diameter steel pipe at an absolute 
pressure of 3 atm and with a drop of 0.150 psi in 100 ft of pipe? Use e = 0.00025 ft. 

I At 68°F and standard atmospheric pressure, y = 0.0752 lb/ft 3 and v = 1.60 x 10 4 ft'/s. At a pressure of 
3 atm y = (0 0752)(3) = 0.2256 lb/ft 3 and v = (1.60 x 10 4 )/3 = 5.333 x 10 ft~/s. h f - ( f)(L/d)(v /2g), 
(0.150)(144)/0.2256 = (/)[100/(£)]{u 2 /[(2)(32.2)]}, u = 3.206/V/. Try v = 10ft/s: N R = dv/v = 

CA)a0)/(5 333 x 10“ 5 ) = 3.13 x 10 4 , e/d = 0.00025/(^) = 0.00150. From Fig. A-5, / = 0.027 
1 = 3 206/^27 = 19 51 ft/s. Try i = 19.51 ft/s: N, = (*)(19.51)/(5.333 X 10-) = 6.10 x 10 \f = 0.0248, 
v = 3.206/V0.0248 = 20.36 ft/s. Try u = 20.36ft/s: N R = (^)(20.36)/(5.333 x 10 )-6.36x 10 , 

/ = 0.0248 (O.K.); Q=Av = [(jt)(£) 2 /4](20.36) = 0.444 ft 3 /s. 

9.154 Determine the nature of the distribution of shear stress at a cross section in a horizontal, circular pipe under 
steady flow conditions. 

f For the free body in Fig. 9-31a, since the flow is steady, each particle moves to the right without 
acceleration. Hence, the summation of the forces in the at direction must equal zero. (p,)(n:r ) - (p 2 ){ztr ) 

(t)(2;t rL) = 0 or 

T = (p,-p 2 )(r)/(2L) ( J ) 

When r = 0, the shear stress r is zero; and when r = r 0 , the stress r 0 at the wall is a maximum. The variation is 
linear and is indicated in Fig. 9-316. Equation ( 1 ) holds for laminar and turbulent flows as no limitations 
concerning flow were imposed in the derivation. Since (/?, - p 2 )/y represents the drop in the energy line, or the 
lost head h L , multiplying Eq. ( 1 ) by y/y yields r = (yr/2L)[{pi - P 2 )/y] or 

t = (yhJ2L)(r) ( 2 - 

9.155 Develop the expression for shear stress at a pipe wall. 

| h L = (f)(L/d)(v 2 /2g). From Prob. 9.154, h L = 2r 0 L/yr 0 = 4r 0 L/yd, 4r 0 L/yd = {f)(L/d)(v 2 /2g), r 0 = 
fyv 2 /Sg =fpv 2 /8. 
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Velocity 


Fig. 9-31 

9.156 For steady, laminar flow (a) what is the relationship between the velocity at a point in the cross section and the 
velocity at the center of the pipe, and (A) what is the equation for velocity distribution? 


I (a) 


t = ~(n)(dv/dr ) = (p, - p 2 )(r)/(2L) (from Prob. 9.154) 
~(p)(dv/dr) = (p, —p 2 )(r)/(2L) 

Since (p, —p 2 )/L is not a function of r, 




-(« - v?) = 


(Pi ~P2> 2 


(Pi ~P2> 2 


But the lost head in L feet is = (p, -p 2 )/y; hence, 

yA f r 2 

(b) Since the velocity at the boundary is zero, when r = r„, t> = 0 in Eq. (J), we have 

_ (Pj— Ellis ( a t centerline) 

4pL 


Thus, in general, 




9.157 Develop the expression for the loss of head in a pipe for steady, laminar flow of an incompressible fluid. Refer 
to Fig. 9-3 Id. 


A 


j vdA j (v)(2nr dr) 


(2^)(p,-p 2 ) p 
(jir 2 0 )(4(iL) Jo 


f°(rl-r 2 )(rdr) 

Jo 


(p i -PzXrt) 


Thus for laminar flow, the average velocity is half the maximum velocity v,. in Eq. (3) of Prob. 9.156. 
Rearranging Eq. (1), we obtain 

, P 1 -P 2 8pLv ay 32 pLv ay 

"L ~ — 2 — j 2 \*) 

y yr 0 yd 

These expressions apply for laminar flow of all fluids in all pipes and conduits. 

9.158 Determine (a) the shear stress at the walls of a 12-in-diameter pipe when water flowing causes a measured head 
loss of 15 ft in 300 ft of pipe length, ( b ) the shear stress 2 in from the centerline of the pipe, (c) the shear 
velocity, (<f) the average velocity for an/value of 0.50, and (e) the ratio v/v t . 
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I («) x 0 = yh L rJ2L = (62.4)(15)[(tI)/ 2]/[(2)(300)] = 0.780 lb/ft 2 , or 0.00542 lb/in 2 . 

( b ) Since x vari es li nearly from centerline to wall, t = (0.00542)(|) = 0.00181 lb/in 2 . 

(c) v, = Vt Up = V0.780/1.94 = 0.634ft/s. 

(d) x 0 = fpv 2 /8, 0.780 = (0.050)(1.94)(u 2 )/8, v = 8.02 ft/s. 

(*) x 0 = (p)(v/y), v = p/p, x 0 = pv(v/y), xJp = (v)(v/y) = v% = (v)(v/y), u/v 2 =y/v, v/v t = v,y/v. 


9.159 If in Prob. 9.158 the water is flowing through a 3-ft by 4-ft rectangular conduit of the same length with the same 
lost head, what is the shear stress between the water and the pipe wall? 

f R„= Alp w = (3)(4)/(3 + 3 + 4 + 4) = 0.8571 ft 

x — (yhJL)(R h ) = [(62.4)(15)/300](0.8571) = 2.67 lb/ft 2 or 0.0186 lb/in 2 


9.160 Medium lubricating oil (s.g. = 0.860) is pumped through 1000 ft of horizontal 2-in pipe at the rate of 0.0436 cfs. 

If the drop in pressure is 30.0 psi, what is the absolute viscosity of the oil? 

f Assuming laminar flow, 

PlZllJJj^ (from Prob. 9.157) 
y yd 2 

t/ av = Q/A = 0.0436/[(nr)(n) 2 /4) = 1.998 ft/s 

(30.0)(144)/[(0.860)(62.4)] = (32)(^)(1000)(1.998)/{[(0.860)(62.4)]( 2 ) 2 } p = 0.00188 lb • s/ft 2 
N k = pdv/p = [(0.860)(1.94)](^)(1.998)/0.00188 = 296 (laminar) 

9.161 A horizontal wrought iron pipe, 6-in inside diameter and somewhat corroded, is transporting 4.50 lb of air per 
second from A to B. At A the pressure is 70 psia and at B the pressure must be 65 psia. Flow is isothermal at 
68 °F. What is the length of pipe from A to B1 Use e = 0.0013 ft. 

| Pi ~P 2 _ 2[2 In (u 2 M) + (f)(L/d)](v 2 j2g) 

Yi l + pJPi 

y, = (0.0752)(70/14.7) = 0.3581 lb/ft 3 y 2 = (0.0752)(65/14.7) = 0.3325 lb/ft 3 
W = yAv 4.50 = (0.3581)[0r)(£) 2 /4](i/,) v 2 = 64.00 ft/s 
4.50 = 0.3325 [(jt)(£) 2 /4](v 2 ) = 68.93 ft/s 

N r = dvlv = (^)(64.00)/[(14.7/70.0)(1.60 x 10“ 4 )] = 9.52 x 10 5 eld = 0.0013/(&) = 0.0026 
From Fig. A-5,/ = 0.025. 

(70 - 65)(144) 2{2 In (68.93/64.00) + 0.025[L/(£)]}{64.00 2 /[(2)(32.2)]} L = 607 ft 

0.3581 1 + i 

9.162 Heavy fuel oil flows from A to B through 3000 ft of horizontal 6-in steel pipe. The pressure at A is 155 psi and at 
B is 5.0 psi. The kinematic viscosity is 0.00444 ft 2 /s and the specific gravity is 0.918. What is the flow rate? 

I Assuming laminar flow, from Eq. (2) of Prob. 9.157, 

Pi-Pi 32 pLv„ (32 )(vp)(Lv„) (155 - 5.0)(144) _ 32{(0.00444)[(0.918)(1.94)]}(3000)(i» av ) 

y yd 2 yd 2 (0.918)(62.4) [(0.918)(62.4)](£) 2 

u av = 7.11ft/s N r = dv/v = (£)(7.11)/0.00444 = 808 (laminar) 

Q = Av = [(*)(£) 2 /4](7.11) = 1.40 ft 3 /s 


9.163 


What size pipe should be installed to carry 0.785 cfs of heavy fuel oil (v = 0.00221 ft 2 /s, s.g. = 0.912) at 60 °F if 
the available lost head in the 1000-ft length of horizontal pipe is 22.0 ft? 

f Assuming laminar flow, 


= ll = pv = [(0.912)(1.94)](0.00221) = 0.003910 lb ■ s/ft 2 

yd' 

V = Q/A= 0.785/(zrd 2 /4) = 0.9995/d 2 22.0 = (32)(0.003910)(1000)(0.9995/d 2 )/{[(0.912)(62.4)](d 2 )} 

d = 0.562 ft or 6.75 in N R = dv/v = (0.562)(0.9995/0.562 2 )/0.00221 = 805 (laminar) 
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9.164 Determine the head loss in 1000 ft of new, uncoated 12-in-ID cast iron pipe when water at 60 °F flows at 
5.00 ft/s. Use e/d = 0.0008. 

I h f = (f)(L/d)(v 2 /2g) N r =dv/v = (i§)(5.00)/(l. 21 x 10~ 5 ) = 4.13 x 10 5 

From Fig. A-5,/ = 0.0194. h f = 0.0194[1000/(i§)]{5.007[(2)(32.2)]} = 7.53 ft. 

9.165 Rework Prob. 9.164 if the liquid is medium fuel oil at 60 °F (v = 4.75 x 10~ 5 ft 2 /s) flowing at the same velocity. 

I h f = (fXL/dXv^g) N r = dv /v = (H)(5.00)/(4.75 xl0“ 5 ) = 1.05 x10 s 

From Fig. A-5, / = 0.0213. h f = 0.0213[1000/(f|)]{5.00 2 /[(2)(32.2)]} = 8.27 ft. 

9.166 Points A and B are 4000 ft apart along a new 6-in-ID steel pipe. Point B is 50.5 ft higher than A and the 
pressures at A and B are 123 psi and 48.6 psi, respectively. How much medium fuel oil at 70 °F will flow from A 
to B? Use s.g. = 0.854, v = 4.12 x 10“ 5 ft 2 /s, e = 0.0002 ft. 

f Pa/Y + v 2 a/ 2g +z a =Pb/y + v 2 b / 2g +z B + h L 

(123)(144)/[(0.854)(62.4)] + v\/2g + 0 = (48.6)(144)/[(0.854)(62.4)] + v 2 B /2g + 50.5 + h L 

v\/2g = v%/2g h L = 150.5 ft = h f = (f)(L/d)(v 2 /2g) 

150.5 = (/)[4000/(£)]{”7[(2)(32.2)]} v - 1.101 /Vf 

Try v = 10 ft/s: N R = d v/v = (^ )(10)/(4.12 x 10~ 5 ) = 1.21 x 10 5 , e/d = 0.0002/(£) = 0.000400. From Fig. A-5, 
/ = 0.0195. v = 1.101/VO 0195 = 7.884 ft/s. Try v = 7.884 ft/s: N R = (^)(7.884)/(4.12 X 10' 5 ) = 9.57 X 10 4 , 

/ = 0.0195 (O.K.); Q =Av = [(jt)(^) 2 /4](7.884) = 1.55 ft 3 /s. 

9.167 How much water (60 °F) would flow under the conditions of Prob. 9.166. 

I PA/Y + v 2 A /2g + z A =p B /y + v 2 B /2g + z B + h L 

(123)(144)/62.4 + v\/2g + 0 = (48.6)(144)/62.4 + v 2 „/2g + 50.5 + h L 
v\/2g = v 2 B /2g h L = 121.2 ft = h f = (f)(L/d)(v 2 /2g) 

121.2 = (/)[4000/(^)]{t; 2 /[(2)(32.2)]} v = 0.9878/Vf 

Try v = 10 ft/s: N R = dv /v = (^ )(10)/(1.21 x lO -5 ) = 4. 13 X 10 5 , e/d = 0.0002/(^) = 0.000400. From Fig. A-5, 
/ = 0.0172. v = 0.9878/Vo.0172 = 7.532 ft/s. Try v = 7.532 ft/s: N R = (^)(7.532)/(1.21 x 10“ 5 ) = 3.11 x 10 5 , 

/ = 0.0176, v = 0.9878/V0.0176 = 7.446 ft/s. Try t; = 7.446ft/s: N R = (^)(7.446)/(1.21 x 10‘ 5 ) = 3.08 X 10 5 , 

/ = 0.0176 (O.K.); Q=Av = [(jt)(£) 2 /4](7.446) = 1.46 ft 3 /s. 


9.168 


To transport 300 cfs of air, p = 16 psia, T = 68 °F, with a head loss of 3 in of water per 1000 ft, what size 
galvanized pipe is needed? (e = 0.0005 ft.) 

I d = 0.66 [(e 12S )(LQ 2 /gh f y 75 + (v){Qf\Llgh f ) 52 f M 


y = p/RT = (16)(144)/[(53.3)(460 + 68)] = 0.08187 ib/ft 3 


f = 0.66j(0 


4 )(300) 94 |~ 


h f = (^)(62.4/0.08187) = 190.5 ft of air 

1000 -I s ^o. 04 


(32.2,)(190.5) 


n O. 04 

= 2 ’ 


84 ft 


9.169 


Two tanks of a solvent (p = 0.05 Pa • s, y = 8 kN/m 3 ) are connected by 300 m of commercial steel pipe. What 
size must the pipe be to convey 50 L/s, if one tank is 4 m higher than the other? 

f d = 0.66 [(e i25 )(LQ 2 /ghf) 4 75 + (v)(0 9 \L/gh f f 2 ]° 04 


v = jr/p = pg/y = (0.05)(9.807)/[8 x 10 3 ] = 6.129 x 10“ 5 m 2 /s 


m 


9.170 Calculate the diameter of a wooden conduit (e = 0.006 ft) that is to carry 300 ft 3 /s of water at 60 °F a distance of 
1000 ft with a head loss of 1.1 ft. 


I 


4 = 0.66 (0.0006 


(0.C 


d = 0.66[(e 125 )(LQ 2 /gA / ) 4 - 75 + (v)(Qf\Llgh,f 2 f 


(32.2)(1.1) 


n O. 04 

= 


7.59 ft 
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f.171 An old pipe 2 m in diameter has a roughness of e = 30 mm. A 12-mm-thick lining would reduce the roughness 
to e = 1 mm. How much would pumping costs be reduced per kilometer of pipe for water at 20 °C with 
discharge of 6 m 3 /s? The pumps are 75 percent efficient, and the cost of energy is $1 per 72 MJ. 

I v, = Q/Ai = 6/[(jt)( 2) 2 /4] = 1.910 m/s N R = dv/v 

(N r )i = (2)(1.910)/(1.02 x lO” 6 ) = 3.75 X 10 6 e 1 /d i = (0.030)/2 = 0.015 

From Fig. A-5, /, = 0.044. 

d 2 = [2 - (2)(0.012)] = 1.976 m v 2 = Q/A 2 = 6/[(jt)( 1.976) 2 /4] = 1.957 m/s 
(N r ) 2 = (1.976)(1.957)/(1.02 x 10“ 6 ) = 3.79 x 10 6 e 2 /d 2 = (0.001)/1.976 = 0.000506 

/ 2 = 0.017 h f = (f)(L/d)(v 2 /2g) 

(h f ) 1 = 0.044[1000/2] {1.910 2 /[(2)(9.807)]} = 4.902 m 
(h f ) 2 = 0.017[1000/1.976] {1.957 2 /1(2)(9.807)]} = 1.680 m 
Saving in head = 4.092 - 1.680 = 2.412 m P = Qyh f /r) = (6)(9.79 x 10 3 )(2.412)/0.75 = 0.1889 MJ/s 
Savings per year = (0.1889)[(365)(24)(3600)]/72 = $82 738 


9.172 What size of new cast iron pipe is needed to transport 0.5 m 3 /s of water at 25 °C for 1000 m with head loss of 
2m? 


d = 0.66[(e' “XLQVg/t/) 4 75 + (v)(Q) 9 \L/gh f y 2 f M 


713 m 


9.173 Pure water at 70 °F runs at 2.778 lb/s through a smooth tube between two reservoirs 30 ft apart and having a 
difference in elevation of 4.1 ft. What size tubing is needed? 

f Q = 2.778/62.3 = 0.04459 ft 3 /s h f = (f)(L/d)(v 2 /2g) 

v = Q/A — 0.04459/(^74) = 0.05677 /d 2 4.1 = (/)(30/d){(0.05677/d 2 ) 2 /[(2)(32.2)]} d = 0.2055/ 1 ' 5 

N R = dv/v = (<f)(0.05677/d 2 )/(1.05 x lO" 5 ) = 5.41 x 10 3 /d 

Try/ = 0.020: d = (0.2055)(0.020) l/5 = 0.09398 ft, N R = 5.41 x 1070.09398 = 5.76 x 10 4 . From Fig. A-5, 

/ = 0.0205. Try/ = 0.0205: d = (0.2055)(0.0205) t/5 = 0.09444 ft, N R = 5.41 x 1070.09444 = 5.73 x 10 4 , 

/ = 0.0205 (O.K.). Hence, d = 0.09444 ft, or 1.13 in. 

9.174 In Fig. 9-10, H — 20m, L = 150 m, d = 50 mm, s.g. - 0.85, fi = 0.400 N • s/m 2 , and e = 1 mm. Find the newtons 
per second flowing. Neglect minor losses. 

I h f = (f)(L/d)(v 2 /2g) 20 = (/)[150/(i®g)]{u 2 /[(2)(9.807)]} v = 0.03616 /Vf 

N r = pdv/n = [(0.85)(1000)](i§jo)(t>)/0.004 = 10 625u 

Try/ = 0.050: v = 0.3616/V0.050 = 1.617 m/s, N R = (10625)(1.617) = 1.72 x 10 4 , e/d = (irfe)/^) = 0.0200. 
From Fig. A-5, / = 0.051. 

v = 0.3616/Vo.051 = 1.601 m/s N R = (10 625)(1.601) = 1.70 x 10 4 / = 0.051 (O.K.) 

W = yAv = [(0.85)(9.79)][(^)( 1 is)74](1.601) = 0.0262 kN/s or 26.2 N/s 

1.175 Determine the head loss for flow of 140 L/s of oil, v = 0.00001 m 2 /s, through 400 m of 200-mm-diameter cast 
iron pipe. 

I h f = {f)(L/d)(v 2 /2g) v = Q/A = ($&)/[(jz)(^) 2 / 4] = 4.456 m/s 

N r = dv/v = ®)(4.456)/0.00001 = 8.91 x 10 4 e/d = 0.00026/(fl$s) = 0.00130 
From Fig. A-5,/ = 0.023. h f = 0.023[400/(^)]{4.456 2 /[(2)(9.807)]} = 46.6 m. 

U76 Water at 15 °C flows through a 300-mm-diameter riveted steel pipe, e = 3 mm, with a head loss of 6 m in 300 m. 
Determine the flow. 
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4* (f)(L/d)(v 2 /2g). Try / = 0.040: 6 = 0.040[300/(^)]{t> 2 /[(2)(9.807)]}, „ = 1.715 m/s; - dw/v = j 
®)(1.715)/(1.16 x 10~ 6 ) = 4.44 x 10 5 ; e/d = 555 = 0.0100. From Fig. A-5, / = 0.038. Try/ = 0.038: 

6 = (0.038)[300/(^)]{v 2 /[(2)(9.807)]}, i; = 1.760 m/s; A* = (dft)(L760)/(1.16 x 10~ 6 ) = 4.55 x 10 s ; 

/ = 0.038 (O.K.); Q=Av = [(jr)®) 2 /4](1.760) = 0.124 m 3 /s. 

9.177 Determine the size of clean wrought iron pipe required to convey 4000 gpm of oil, v = 0.0001 ft 2 /s, 10000 ft 
with a head loss of 75 ft. 

I Q = (4000)(0.002228) = 8.912 ft 3 /s h f = (f)(L/d)(v 2 /2g) 

v = Q/A = 8.912/(red 2 /4) = 11.35/d 2 75 = (/)(10 000/d){(11.35/d 2 ) 2 /[(2)(32.2)]} d = 3.056 f vs 

Try / = 0.020: d = (3.056K0.020) 1 ' 5 = 1.398 ft, N R = du/v = (1.398)(11.35/1.398 2 )/0.0001 = 8.12 x 10 4 , 
e/d = 0.00015/1.398 = 0.000107. From Fig. A-5,/ = 0.019. Try/= 0.019: d = (3.056)(0.019) ,/5 = 1.383ft, 

N R = (1.383)(11.35/1.383 2 )/0.0001 = 8.21 x 10 4 , / = 0.019 (O.K.). Hence, d = 1.383 ft, or 16.6 in. 

9.178 In Prob. 9.177, for d = 16.6 in, if the specific gravity is 0.85, p, = 40 psi, z, = 200 ft, and z 2 = 50 ft, determine the 
pressure at point 2. 

I pJy + v 2 l /2g+z 1 =p 2 /y + vl/2g + z 2 + h L 

(40)(144)/[(0.85)(62.4)] + v\/2g + 200 = (p 2 ) (144) / [ (0.85) (62.4) ] + v\/2g + 50 + 75 
v\/2g = v\/2g p 2 = 67.6 lb/in 2 

9.179 What size galvanized iron pipe is needed to be “hydraulically smooth” at N R = 3.5 x 10 5 ? (A pipe is said to be 
hydraulically smooth when it has the same losses as a smoother pipe under the.same conditions.) 

f From Fig. A-5, e/d - 0.00001 is equivalent to smooth pipe. 0.0005/d = 0.00001, d = 50.0 ft. 

9.180 Above what Reynolds number is the flow through a 3-m-diameter riveted steel pipe, e = 30 mm, independent of 
the viscosity of the fluid? 

f e/d = 0.030/3 = 0.010. From Fig. A-5, N R = 1.0 x 10 5 at complete turbulence. | 

9.181 Determine the absolute roughness of a 1-ft-diameter pipe that has a friction factor of 0.032 when N R = 1.0 x 10*. j 

f FromFig. A-5, e/d = 0.006. 6/1=0.006, e = 0.006ft. j 

9.182 Galvanized iron pipe of diameter d has the same friction factor for N R = 100 000 as 400-mm-diameter cast iron 
pipe. Evaluate d. 

f For cast iron: e/d = 0.00026/0.400 = 0.00065. 

For galvanized iron: e/d = 0.00015/d = 0.00065, d = 0.231 m, or 231 mm. 

9.183 Calculate the friction factor for atmospheric air at 80 °F, flowing at v = 40 ft/s in a 2-ft-diameter galvanized pipe, 

f / = 1.325/[ln (e/3.7d + 5.74/ K 9 )] 2 N R = dv/v = (3)(40)/(1.69 x lO" 4 ) = 710 059 

/ = 1.325/{ln [0.0005/(3.7)(2) + 5.74/710 059° 9 ]} 2 = 0.0156 

9.184 Atmospheric air at 92 °F is conducted through a 4-ft-diameter, 1000-ft-long wrought iron pipe. Find the head 
loss corresponding to a flow of 266.7 cfs. 

I h f = (f)(L/d)(v 2 /2g) p = p/RT = (14.7)(144)/[(1716)(460 + 92)] = 0.002234 slug/ft 3 

v = Q/A = 266.7/[(jt)( 4) 2 /4] = 21.22 ft/s 

N r = pdv/p = (0.002234)(4)(21.22)/(3.90 x 10 7 ) = 4.86 x 10 5 e/d = 0.00015/4 = 0.0000375 
From Fig. A-5, / = 0.013. h f = (0.013)(1000/4){21.22 2 /[(2)(32.2)]} = 22.72 ft. 
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9.185 A smooth toroidal wind tunnel is 60 m around at the centerline and has cross-sectional diameter 2 m; the fluid is 
air at 1 atm and 20 °C. Determine the horsepower rating of a fan that will produce a 500-km/h airstream. 

| h f = (f)(L/d)(v 2 /2g) v = 5x 1073600 = 138.9 m/s 

N„ = dv/v = (2)(138.9)/(1.46 x 10~ 5 ) = 1.90 x 10 7 

From Fig. A-5, / = 0.0072 (extrapolated). 

h f = (0.0072)(60/2){138.9 2 /[(2)(9.807)]} = 212.5 m Q = Av = [(jr)(2 2 /4)](138.9) = 436.4 m 3 /s 
p = Qyh f = (436.4)(11.8)(212.5) = 1.09 x 10 6 W or 1460 hp 

9.186 Assume that 2.0 cfs of oil (fi = 0.0003342 slug/ft • s, p = 1.677 slug/ft 3 ) is pumped through a 12-in pipeline of 
cast iron. If each pump produces 100 psi, how far apart can they be placed? 

I h f = (f)(L/d)(v 2 /2g) = p/pg = (100 x 144)/(1.677)(32.2) = 266.7ft 

v = Q/A = 2.0/[(jt)(t 1) 2 /4] = 2.546 ft/s 

N„ = pdv/p = (1.667)(H)(2.546)/0.0003342 = 1.27 x 10 4 e/d = 0.00085/(1!) = 0.00085 
li From Fig. A-5,/ = 0.031. 266.7 = 0.031[/7 (t?)]{ 2.5467[(2)(32.2)]}, L = 85 473 ft, or 16.2 miles. 

| 

s 9.187 A 60-mm-diameter smooth pipe 160 m long conveys 36 m 3 /h of water at 25 °C from a sidewalk hydrant to the 

' top of a building 25 m tall. What pressure can be maintained at the top of the building, if the hydrant pressure is 

j 1.6 MPa? 

I pJy+v 2 J2g + z i =p 2 /y + v 2 2 /2g + z 2 + h L h L = h f = (f)(L/d)(v 2 /2g) 

v = Q/A = (36/3600)/((jt)( 0.060)74] = 3.537 m/s N R = dv/v = (0.060)(3.537)/(9.10 X 10~ 7 ) = 2.33 x 10 5 
From Fig. A-5, / = 0.016. 

h L = 0.016[160/0.060] (3.5377[(2)(9.807)]} = 27.21 m 
(1.6)(1000)/9.79 + v\/2g + 0 = (p 2 )(1000)/9.79 + v\/2g + 25 + 27.21 v\/2g = v\/2g p 2 = 1.09 MPa 

9.188 Calculate the discharge for the pipe of Fig. 9-32; the fluid is water at 150 °F. 

I h L = h f = (f)(L/d)(v 2 /2g ) 258 = (/)[238/(^)]{ui/[(2)(32.2)]} v = 3.411/V7 

Try/ = 0.019: v = 3.411/V0.019 = 24.74 ft/s, e/d = 0.00015/(ft) = 0.000900, N R = dv/v = (^)(24.74)/(4.68 x 
10“ 6 ) = 8.81 x 10 5 . From Fig. A-5,/ = 0.019 (O.K.); Q = Av = [(^r)(^)74](24.74) = 0.540ft 3 /s. 



(.189 In Fig. 9-32 how much power would be required to pump 160 gpm of water at 60 °F from a reservoir at the 
bottom of the pipe to the reservoir shown? 

f Q = (160)(0.002228) = 0.3565 ft 3 /s pjy + v\/2g + z, = p 2 /y + v\/2g + z 2 + h L 

Vl = Q/A, = 0.3565/[(>r)(£)74] = 16.34 ft/s h L = h f = (f)(L/d)(v 2 /2g) 

N r = dv/v = (h)(16.34)/(1.21 x HT 5 ) = 2.25 x 10 5 e/d = 0.00015/(ft) = 0.000900 
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From Fig. A-5,/ = 0.0205. 

h L = 0.0205[238/(£)]{16.347[(2)(32.2)]} = 121.4 ft pjy + 16.34 2 /[(2)(32.2)] + 0 = 0 + 0 + 260 + 121.4 
pjy = 377.3 ft P = Qy(Ap/y) = (0.3565)(62.4)(377.3) = 8393 ft • lb/s = 15.3 hp 


9.190 


A 12-mm-diameter commercial steel pipe 16 m long is used to drain an oil tank. Determine the discharge when 
the oil level in the tank is 2 m above the exit end of the pipe, (p = 0.10 Pa • s, y = 8 kN/m 3 .) 

f Assuming laminar flow, 


v = 


h L yd 2 2[(8)(1000)](0.012) 2 


= 0.4500 m/s 


32 pL (32)[(0.1)(0.10)](16) 

N r = pdv/p = (y/g)(dv)/p = [(8)(1000)/9.807](0.012)(0.4500)/[(0.1)(0.10)] = 440 
Q = Av = [(jt)( 0. 012) 2 /4](0.4500) = 0.0000509 m7s or 0.0509 L/s 


(laminar) 


9.191 Two liquid reservoirs are connected by 198 ft of 2-in-diameter smooth tubing. What is the flow rate when the 
difference in elevation is 50 ft? (v = 0.001 ft 2 /s). 

I pJy + v\l2g + Zt=p 2 /y + vl/2g + z 2 + h L h L = h f = (f)(L/d)(v 2 /2g) 

Assuming laminar flow, 

/ = 64 /N„ N r = dv/v = (£)(v)/0.001 = 166. Iv h L = (64/166.7u)[198/(£)]{t» 2 /[(2)(32.2)]} = 7.082v 

0 + 0 + 50 = 0 + 0 + 0 + 7.082t> v = 7.060 ft/s N„ = (n)(7.060)/0.001 = 1177 (laminar) 

Q =Av = [(jt)(^) 2 /4](7.060) = 0.154 ft7s 


9.192 Atmospheric air at 16 °C flows for 200 m through a 1.25-m-diameter duct (e = 1 mm). Calculate the flow 
volume, if the head loss measures 80 mmH 2 0. 

4 = ( f)(L/d)(v 2 /2g) (yh f ) mr = (yh f )» 20 y air =p/RT = 101.4/[(29.3)(273 + 16)] = 

0.01197 kN/m 3 

(0.01197)(/i / ). ir = (9.79)(0.080) (^) air = 65.43 m 65.43 = (/)(200/1.25){u7[(2)(9.807)]} u = 2.832/V7 

Try/ = 0.020: v = 2.832/V0.020 = 20.03 m/s, N R = dv/v = (1.25)(20.03)/(1.46 x 10~ 5 ) = 1.71 x 10 6 , e/d = 
0.001/1.25 = 0.000800. From Fig. A-5,/= 0.0205. Try/ = 0.0205: v = 2.832/V0.0205 = 19.78m/s, N R = 
(1.25)(19.78)/(1.46 x 10“ 5 ) = 1.69 x 10 6 , / = 0.0205 (O.K.); Q=Av = [(^)(1.25 2 /4)](19.78) = 24.3 m 3 /s. 


9.193 Water at 20 °C is to be pumped through 2 km of 200-mm-diameter wrought iron pipe at the rate of 60 L/s. 
Compute the head loss and power required. 

f h f = (f)(L/d)(v 2 /2g) v = Q/A = (60 X 10 _3 )/[(^)(0.200) 2 /4] = 1.910 m/s 

N r = dv/v = (0.200)(1.910)/(1.02 x 10' 6 ) = 3.75 X 10 5 e/d = 0.000046/(0.200) = 0.000230 
From Fig. A-5, / = 0.016. 

h f = 0.016[2000/0.200] {1.910 2 / [(2)(9.807)]} = 29.76 m P = Qyh f = (60 x 10" 3 )(9.79)(29.76) = 17.48 kW 

9.194 An industrial ventilation system contains 4000 ft of 12-in-diameter galvanized pipe. Neglecting minor losses, 
what head must a blower produce to furnish 3 ton/h of air at p = 14 psia, T = 90 °F? 

I h f = (f)(L/d)(v 2 /2g) N r = pdv/p p = p/RT = (14)(144)/[(1716)(460 + 90)] = 0.002136 slug/ft 3 

M = pAv 6000/3600 = [(0.002136)(32.2)][(jr)(H)74](u) v = 30.85 ft/s 
N r = (0.002136)G!)(30.85)/(3.90 x 10" 7 ) = 1.69 x 10 5 e/d = 0.0005/(H) = 0.000500 
From Fig. A-5, / = 0.019. 

h f = 0.019[4000/(H)]{30.85 2 /[(2)(32.2)]} = 1123.2 ft of air or 1.24 ft of water 
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9.195 A 2.0-m-diameter pipe of length 1560 m for which e = 1.5 mm conveys water at 12 °C between two reservoirs at 
a rate of 8.0 m 3 /s. What must be the difference in water-surface elevations between the two reservoirs? Neglect 
minor losses. 

f Pi/Y + v i/2g + Zi= pj y + v\/2g + Zi + h L 0 + 0 + Zi = 0 + 0 + z 2 + ^/ 

Zl -z 2 = h f =(J)(L/d)(v 2 2g) 

v = Q/A = 8.0/[( jt)( 2. 0) 2 /4] = 2.546 m/s N R =dv/v = (2.0)(2.546)/(1.24 x 10" 6 ) = 4.11 x 10 6 

e/d = (1.5/1000)/2.0 = 0.000750 

From Fig. A-5,/ = 0.018. h f = (0.018)(1560/2.0){2.546 2 /[(2)(9.807)]} = 4.64 m. Hence, the difference in 
water-surface elevations between the two reservoirs is 4.64 m. 


9.196 Water flows from reservoir 1 to reservoir 2 through a 4-in-diameter, 500-ft-length pipe, as shown in Fig. 9-33. 
Assume an initial friction factor (/) of 0.037 and a roughness (e) of 0.003 ft for the pipe. Find the flow rate. 

I pJY + v 2 J2g + z l =p 2 /Y + vll2g + z 2 + h L 0 + 0 + 700.6 = 0 + 0 + 655.5 + h L h L = 45.2ft = h f + h m 

(I) Friction loss: h, = (f)(L/d)(v 2 /2g) = 0.037[500/(£)](u 2 /2g) = 55.50n 2 /2g. 

(II) Minor losses: 

(a) Due to entrance: From Fig. A-7, take K t = 0.45. 

(b) Due to globe valve: From Table A-ll, K opcn = 5.7. From Table A-12, take K 2 /K 0 „ n = 1.75. Hence, 

K 2 = (5.7)(1.75) = 9.98. 

(c) Due to bend: RID = f = 3.0, e/D = 0.003/(£) = 0.00900. From Fig. A-12, K 3 = 0.45. 

(d) Due to elbow: From Table A-ll, K 4 = 0.23. 

(e) Due to exit: From Fig. A-7, K s = 1.0. 

Thus, 

h f +h m = (n 2 /[(2)(32.2)]} (55.50 + 0.45 + 9.98 + 0.45 + 0.23 + 1.0) = 1.050u 2 
1.050w 2 = 45.2 v = 6.561 ft/s 

N r = Dv/v = (h)(6.561)/(1.90 x 10' 5 ) = 1.15 x 10 5 e/D = 0.003/(£) = 0.00900 
From Fig. A-5, / = 0.037. (Assumed value of/O.K.) Q=Av = [(^)(n) 2 /4](6.561) = 0.573 ft 3 /s. 



90° long-radius elbow 


Fig. 9-33 
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9.197 Determine the head loss in the system shown in Fig. 9-34 and the discharge in the pipe. 

I pJY + v 2 J2g + Zi=p 2 lY + vll2g + z 2 + h L 0 + 0 +100 = 0 + ul/[(2)(32.2)] + 0 + h L 

h L = h f + h m h f = (f)(L/D)(v 2 l2g) =/[500/(£)]{til/[(2)(32.2)]} = 15.53/ui h m = (K)(v 2 /2g) AT = 0.5 

h m = 0.5{rj|/[(2)(32.2)]} = 0.007764u! h L = 15.53/u| + 0.007764ul 

100 = 0.01553t»l + 15.53 fv\ + 0.007764t>l v 2 = Vl00/(0.02329 + 15.53/) 

Try v 2 = 10 ft/s: A* = Dv/v = (&)(10)/(1.21 x 10~ 5 ) = 4.13 x 10 s , e/D = 0.00015/(&) = 0.00030. From 
Fig. A-5,/ = 0.0165. v 2 = V100/K0.02329 + (15.531(0.01 65)1 = 18.91 ft/s. Try u 2 = 18.91 f t/s: A* = 
(£)(18.91)/(1.21 x 10~ 5 ) = 7.81 x 10 5 , / = 0.0157, t> 2 = Vl00/[0.02329 + (15.53)(0.0157)] = 19.35 ft/s. 

Try v 2 = 19.35 ft/s: JV* = (£)(19.35)/(1.21 x 10“ 5 ) = 8.00 x 10 5 ,f = 0.0157 (O.K.); h L = 

(15.53)(0.0157)(19.35) 2 + (0.007764)(19.35) 2 = 94.2 ft of water, Q=Av = [(jt)(£) 74](19.35) = 3.80 fP/s. 



9.198 Figure 9-35 shows two reservoirs containing water at 60 °F. The water in the upper reservoir is to be drained to 
the other reservoir at a lower level as shown. The total length of commercial steel pipe is 100 ft, and the 
diameter of the pipe is 4 in. What will be the flow rate of water through the pipe when the water surface 
elevations are as shown in Fig. 9-35? 

I Pi/y + v 2 /2g + Zj =p 2 /y + vl/2g + z 2 + h L 0 + 0+335 = 0+0 + 300 + /!^ 

h L = h f + h m h f = (f)(L/D)(v 2 /2g) =/[100/(£)K«!/[(2)(32.2)]} - 4.658/nI h m = (K)(v 2 /2g) 

Due to entrance, take K x = 0.45. Due to elbow, K 2 = 0.64. Due to gate valve, K apc „ = 0.11. 

Take K,/K opcn = 17. Hence, K 3 = (0.11)(17) = 1.87. Due to exit, K< = 1.0. 

h m = (0.45 + 0.64 + 1.87 + 1.0){t>7[(2)(32.2)]} = 0.06149u 2 h L = 4.658/u 2 + 0.06149u 2 

335 = 300 + 4.658/u 2 + 0.06149u 2 v = V35/(4.658 f + 0.06149) 

Try / = 0.019: v = V35/[(4.658)(0.019) + 0.06149] = 15.28 ft /s, N R = Dv/v = (£)(15.28)/(1 .21 X 10~ 5 ) = 

4.21 x 10 s . From Fig. A-5, / = 0.0175. Try / = 0.0175: v = V35/[(4.658)(0.0175) + 0.06149] = 15.64 ft/s, 

N„ = (^)(15.64)/(1.21 x 10- 5 ) = 4.31 X 10 5 , / = 0.0175 (O.K.); Q = Av = [(5r)(£) 2 /4](15.64) = 1.36 ft 3 /s. 

9.199 A 15-in-diameter new cast iron pipe connecting two reservoirs as shown in Fig. 9-36 carries water at 60 °F. The 
pipe is 120 ft long, and the discharge is 20 ft/s. Determine the difference in elevation between water surfaces in 
the two reservoirs. 

f Pi/y + v 2 /2g + Zi = p 2 l y + v\/2g + z 2 + h L 0 + 0 + z 1 = 0 + 0 + z 2 + /i z . 

Since z x - z 2 = H and h L = h f + h m , H = h f + h m , h f = (f)(L/D)(v 2 /2g). 

v = QIA = 20/[(zt)(t§) 2 /4] = 16.30 ft/s 

N r = Dv/v = (i)(16.30)/(1.21 x 10' 5 ) = 1.68 x 10* e/D = 0.00085/(^1) = 0.00068 

From Fig. A-5, / = 0.018. h f = 0.018[120/(H)]{16.307[(2)(32.2)]} = 7.13 ft, h m = (K)(v 2 /2g). For entrance, 
take K, = 0.45. For exit, K 2 = 1.0. h m = (0.45 +1.0){16.30 2 /[(2)(32.2)]} = 5.98 ft, H = 7.13 + 5.98 = 13.11 ft. 
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Repeat Prob. 9.87 by including losses due to a sharp-edged entrance, the exit, and a fully open flanged globe 
valve. 


f For entrance, K, = 0.5. For exit, K 2 = 1.0. For globe valve, K 3 = 8.5. From Prob. 9.87, h L = h f +h f = 
[(f)(L/d) + K, + K 2 + K 3 \(v 2 /2g), 98 = {/[7000/0.050] + 0.5 + 1.0 + 8.5)(u 2 /[(2)(9.807)]}, 1922 = (140000/ + 
10.0)(v 2 ), v = [1922/(140 000/ 10.0)] 1 ' 2 . Try / = 0.02: v = {1922/[(140 000)(0.02) + 10.0]} ,/2 = 0.8270 m/s, 

N r = pdv/p = (998)(0.050)(0.8270)/(1.02 x 10~ 3 ) = 4.05 x 10 4 . From Fig. A-5, / = 0.022. Try / = 0.022: 
v = {1922/[(140000)(0.022) + 10.0]} ,/2 = 0.7887 m/s, N R = (998)(0.050)(0.7887)/(1.02 x 10 3 ) = 3.86 x 10 4 , 

/ = 0.022 (O.K.); Q=Av = [(rr)(0.050) 2 /4](0.7887) = 0.001548 m 3 /s, or 5.57 m 3 /h. 


9201 Repeat Prob. 9.95 by including losses due to a sharp entrance and a fully open screwed swing-check valve. 

f For sharp entrance, K l = 0.5. For swing-check valve, K z = 5.1. h„ = (K, + K 2 )(v 2 /2g). From Prob. 9.95, 
v = 14.67 ft/s. h m = (0.5 + 5.1) {14.67 2 /[(2)(32.2)]} = 18.71 ft. From Prob. 9.95, 0 + 0 + /»=0 + 

14.67 2 /[(2)(32.2)] + 0 + (236.6 + 18.71), h = 258.7ft. 


9.202 Two lakes (Fig. 9-37) communicate via two 20-ft-long wrought iron pipes joined abruptly. The entrance and exit 
are sharp-edged. Including minor losses, compute the flow rate if lake 1 stands 59 ft higher than lake 2, and the 
average temperature of the system is 20 °C. 

I Pi/Y + v ?/2 g + Zi=p 2 /y + vl/2g +z 2 + h L h L = h f + h m 

h f = (f)(L/D)(v 2 /2g) = (/ o )[20/(A)]{vl/[(2)(32.2)]} +/ fc [20/(*)]{uI/[(2)(32.2)]> 

A, v a = A„v b [(*0(i5) 2 /4](u„) = [(n)(h) 2 l4\(v b ) v„ = vJ4 
h f = 3.727 f a v 2 a + (1.863)(/,)(v a /4) 2 = 3.727/, u 2 + 0.0U64/ fc u 2 
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For sharp entrance, K, = 0.5. For sharp exit, K 2 = 1.0. For sudden expansion, K 2 = (1 — 0.5) 2 = 0.5625. 

h m = (0.5 + 0.5625)K/[(2)(32.2)]} + (1.0){^/[(2)(32.2)]} = 0.01650u 2 + (0.01553)(u o /4) 2 = 0.01747v 2 , 0 + 0 + 

59 = 0 + 0 + 0 + [(3.727/„u 2 + 0.1164/1# + 0.01747v o 2 ]. Try / =/ = 0.020: 

59 = (3.727)(0.020)(v 2 ) + (0.1164)(0.020)(u 2 ) + 0.01747t> 2 v a = 25.01 ft/s v„ = 25.01/4 = 6.253 ft/s 

N r = Dv/v (N R ) a = (^)(25.01)/(1.11 x 10' 5 ) = 1.88 x 10 5 (e/D)„ = 0.00015/(£) = 0.00180 

From Fig. A-5,/ = 0.024. ( N R ) b = (£)(6.253)/(l.ll x 10“ 5 ) = 9.39 X 10 4 , {e/D) b = 0.00015/(^) = 0.000900, 
f b = 0.022. Try/, = 0.024 and/, = 0.022: 

59 = (3.727)(0.024)(v 2 ) + (0.1164)(0.022)(i/ 2 ) + 0.01747u 2 v a = 23.21 ft/s v b = 23.21/4 = 5.803 ft/s 

(N R ) a = (^)(23.41)/(1.11 x 10“ 5 ) = 1.76 x 10 5 f„ = 0.024 

(N R ) b = (f5)(5.852)/(l.ll x 10- 5 ) = 8.79 X 10 4 f„ = 0.022 

Therefore,/ = 0.024 and/ = 0.022 is O.K. Q=Av = [(jt)(^) 2 /4](23.21) = 0.127 ft 3 /s. 



Fig. 9-37 


9.203 Two reservoirs containing water at 20 °C are connected by 800 m of 180-mm cast iron pipe, including a sharp 
entrance, a submerged exit, a gate valve 75 percent open, two 1-m-radius bends, and six regular 90° elbows. If 
the flow rate is 9 m 3 /min, find the difference in reservoir elevations. 

f PilY + vV2g+z t =p 2 lY + vl/2g + z 2 + h L h L = h f + h m h f = (/)(L/D)(v z /2g) 

v = Q/a = (9/60)/[(^)(0.180) 2 /4] = 5.895 m/s N R = Dv/v = (0.180)(5.895)/(1.02 x 10- 6 )= 1.04 x 10 6 

e/D = 0.00026/0.180 = 0.00144 

From Fig. A-5, / = 0.0217. h f =0.0217[800/0.180]{5.895 2 /[(2)(9.807)]} = 170.9 m. For sharp entrance, K, = 0.5. 
For exit, K 2 = 1.0. For gate valve 75 percent open, K 3 = 0.3. For bends, K t = (2)(0.15) = 0.30. For elbows, 

K 5 = (6)(0.27) = 1.62. h m = (0.5 + 1.0 + 0.3 + 0.30 + 1.62){5.895 2 /[(2)(9.807)]> = 6.6m, h L = 170.9 + 6.6 = 
177.5 m, 0 + 0 + z 1 = 0 + 0 + z 2 + 177.5, z x — z 2 = 177.5 m. 


9.204 The system in Fig. 9-38 consists of 1000 m of 50-mm cast iron pipe, two 45° and four 90° flanged long-radius 
elbows, a fully open flanged globe valve, and a sharp exit into a reservoir. What gage pressure is required at 
point 1 to deliver 5 L/s of water at 20 °C into the reservoir, whose free surface lies 100 m above point 1? 

I Pi/y + v\/2g + Zj =p 2 /y + v!/2g + z 2 + h L h L = h f +h m h f = (f)(L/D)(y 2 /2g) 

v = q/a = 0.005/[(jt)( 0.050) 2 /4] = 2.546 m/s N R = Dv/v = (0.050)(2.546)/(1.02 X 10" 6 ) = 1.25 x 10 5 

e/D = 0.00026/0.050 = 0.00520 

From Fig. A-5,/ = 0.0315. h f = 0.0315[1000/0.050]{2.546 2 /[(2)(9.807)]} = 208.2 m. For 45° elbows, K x = 
(2)(0.20) = 0.40. For 90° elbows, K 2 = (4)(0.30) = 1.20. For the open valve, K 3 = 8.5. For exit, K 4 = 1.0. 
h m = (0.40 + 1.20 + 8.5 + 1.0){2.546 2 /[(2)(9.807)]} = 3.7 m, h L = 208.2 + 3.7 = 211.9 m, pJ9.79 + 

2.546 2 /[(2)(9.807)] + 0 = 0 + 0 +100 + 211.9, p x = 3056 kPa gage. 



45 ' 


Fig. 9-38 
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9.205 A 1-in-diameter smooth water pipe slopes upward at 30° (Fig. 9-39); the flanged globe valve is fully open. 
Calculate the flow rate. 

I p l /y + v 2 i /2g + z 1 =p 2 /y + vl/2g + z 2 + h L v\/2g = vl/2g h L = h f + h m 

Therefore, p,/y + z t = p 2 /y + z 2 + h f + h m , 

{px-pl)lY = Zz-Zx + hf + h m ( 1) 

From manometer, 

Pi ~ P 2 = (y H g — 7 h 2 o)(^) + (yH 2 o )( Z 2 — Zi) (2) 

Combining Eqs. ( 1 ) and (2), [(y Hg - y H2 o)/y H2 o](n) = h f + h m , h f = (f)(L/D)(v 2 /2g) = (/)[(9/cos 30°)/ 
(*)]{ v 2 /[( 2 )( 32 . 2 )]} = 1.936/u 2 , h m = (K)(v 2 /2g). For globe valve, K = 13. h m = 13{t>7[(2)(32.2)]} = 

0.2019n 2 , {[(13.6)( 62.4) - 62.4]/62.4}(^) = 1.936/ u 2 + 0.2019t; 2 , v = V7.350/(1.936/ + 0.2019). 

Try / = 0.02: v = V7.350/f(1.936)(0.02) + 0.2019] = 5.527 ft/s, N R = Dv/v = (£)(5.527)/(1.05 x 10” 5 ) = 

4.39 X 10 4 . From Fig. A-5,/ = 0.0217. Try/ = 0.0217: v = V7.350/[(1.936)(0.0217) + 0.2019] = 5.489 ft/s, 

Nr = (n)(5.489)/(1.05 x 10“ 5 ) = 4.36 x 10 4 , / = 0.0217 (O.K.); Q=Av = [(jt)(^) 2 /4](5.489) = 0.0299 ft'/s. 



Fig. 9-39 


9J06 A pipe system carries water from a reservoir and discharges it as a free jet, as shown in Fig. 9-40. How much 
flow is to be expected through a 200-mm steel commercial pipe with the fittings shown? 

I Pi/Y + vl/2g + Zi=p 2 /Y + vl/2g + z 2 + h L h L = h f + h m 

h f = (/)(L/D)(v72g) =/[(60 + 20 + 60 )/(H)]{u7[(2)(9.807)]} = 35.69/ V 2 

h m = (K)(v 2 /2g) = [0.05 + (2)(0.40)]{u!/[( 2)(9.807)]} = 0.04334u 2 

0 + 0 +30 = 0 + w 2 /[(2)(9. 807)] + 20 + (35.6? fv 2 2 + 0.04334u|) v 2 = Vl0/(35.69/ + 0.09432) 

Try/ = 0.014: v 2 = Vl0/[(35.69)(0.014) + 0.09432] = 4.103 m/s, N R = Dv/v = (^)(4.103)/(0.0113 x 10“ 4 ) = 
7 26 x 10 s , e/D = 0.000046/^ ) = 0.000230. From Fig. A-5,/ = 0.0152. Try/ = 0.0152: v 2 = 
Vl0/[(35.69)(0.0152) + 0.09432] = 3.963 m/s, N R = ®(3.963)/(0.0113 x 10" 4 ) = 7.01 x 10 5 , 

/ = 0.0152 (O.K.); Q =Av = [(?r)(^) 2 /4](3.963) = 0.125 m 3 /s. 



v = .0113 X lO-W/s 

p = 999 kg/m 3 Fig. 9-40 

9207 A pipe system having a given centerline geometry as shown in Fig. 9-41 is to be chosen to transport a maximum 
of 1 ft 3 /s of oil from tank A to tank B. What is a pipe size that will do the job? 

I p c /y + vl/2g + z c =p„/y + vl/2g + z p +h L h L = h f +h m 

h f = (f)(L/D)(v 2 /2g) =/[(100 + 130 + 300)/D]{Up/[(2)(32.2)]} = 8.230 fv 2 p ID 

h m = (K)(v 2 /2g) = (0.05 + 0.5 +0.5 + l){t/ 2 /[(2)(32.2)]} = 0.03183w 2 
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(100X144)/50 + 0 + 130 = (50)(144)/50 + t> 2 /[(2)(32.2)] + 0 + 8.230 fv 2 p /D + 0.03183t; 2 
0.04736iip + 8.230 fv 2 p /D = 274 v 2 = 274/(0.04736 + 8.230 f/D) v p = Q/A„ = l/(jrD 2 /4) = 1.273/D 2 

(1.273 /D 2 ) 2 = 274/(0.04736 + 8.230 f/D) 

Try / = 0.015: (1.273/D 2 ) 2 = 274/[0.04736 + (8.230)(0.015)/D]. By trial and error, D = 0.240 ft. 
v = 1.273/0.240 2 = 22.1 ft/s = pDu/p = (y/g)(Dv)/p = (50/32.2)(0.240)(22.1)/(50 x 10~ 5 ) = 1.65 x 10* 

e/D = 0.00015/0.240 = 0.000625 

From Fig. A-5,/ = 0.0285. Try/ = 0.0285: (1.273/D 2 ) 2 = 274/[0.04736 + (8.230)(0.0285)/D]. By trial and error, 
D= 0.272 ft. 

v = 1.273/0.272 2 = 17.2 ft/s A* = (50/32.2)(0.272)(17.2)/(50 X 10~ 5 ) = 1.45 X 10 4 

/ = 0.0285 (O.K.) 

Hence, D = 0.272 ft, or 3.26 in. 


K-0.05 
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100 

lb/in 2 gage l 


300 ft- 


, K = 0.5 


Oil 
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7-50 lb/ft 3 


21 

lb/in 2 gage 


Fig. 9-41 


9.208 What gage pressure p, is required to cause 5 ft 3 /s of water to flow through the system shown in Fig. 9-42? 
Assume that the reservoir is large, that minor losses are negligible, and that v = 2.11 x 10~ 5 ft 2 /s. 

I p,/y + v 2 i /2g+z l =p z /y + vl/2g + z 2 + h L v 2 = Q/A 2 = 5/[(jz)(&) 2 /4] = 25.46 ft/s 

K = *,= (f)(L/D)(v 2 /2g) N r = dv/v = (&)(25.46)/(2.11 x 10~ 5 ) = 6.03 x 10 5 

e/d = 0.00015/(£) = 0.00030 

From Fig. A-5, f = 0.016. 

h L = 0.016[(400 + 160 + 250)/(£)]{25.46 z /[(2)(32.2)]} = 260.9 ft 
(Pi)(144)/62.4 + 0 + 120 = 0 + 25.46 2 /[(2)(32.2)] + 160 + 260.9 p, = 135 lb/in 2 gage 


—250ft--I 

- 6-in new commercial 
pipe 



400 ft--I 


Fig. 9-42 


9.209 In Prob. 9.208, let 6 in be the nominal diameter of the pipe. For the entrance fitting, r/d = 0.06. Calculate the 
pressure p,. The elbows are screwed elbows and there is now an open globe valve in the pipe system. Include 
minor losses. 

I Used = 6.065in 

pjy + vi/2g + z x = p 2 /y + v\/2g + z 2 + h L v 2 = Q/A 2 = 5/[(;r)(6.065/12) 2 /4] = 24.92 ft/s 
h L = h f + h m h f = (f)(L/d)(v 2 /2g) N r = dv/v = (6.065/12)(24.92)/(2.11 X 10” 5 ) = 5.97 X 10 5 

e/d = 0.00015/(6.065/12) = 0.000297 
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From Fig. A-5, / = 0.016. h f = 0.016[(400 + 160 + 250)/(6.065/12)]{24.92 2 /[(2)(32.2)]} = 247.3 ft, h m = 
(K)(v 2 /2g). For entrance, K t = 0.15. For elbows, K 2 = (2)(0.45) = 0.90. For globe valve, K 3 = 5.1. 

h m = (0.15 + 0.90 + 5.1){24.927[(2)(32.2)]} = 59.3 ft h L = 247.3 + 59.3 = 306.6 ft 

(p,)(144)/62.4 + 0 + 120 = 0 + 24.92 2 /[(2)(32.2)] +160 + 306.6 p x = 154 lb/in 2 gage 


9.210 The industrial scrubber B of Fig. 9-43 consumes water (v = 0.113 x 10 -s m 2 /s) at the rate of 0.1 m 3 /s. If the pipe 
is 150-mm commercial pipe, compute the necessary tank pressure p x . 

I pjy + v\Hg + z A =p n /y + v 2 „/2g + z n +h L v„ = Q/A B = 0. l/[(ar)(0.150) 2 /4] = 5.659 m/s 
h L = h,+ h m h f = (f)(L/d)(v 2 /2g) N k — dv/v = (0.150)(5.659)/(0.113 x 10~ 5 ) = 7.51 x 10 5 

e/d = 0.000046/0.150 = 0.000307 

From Fig. A-5,/ = 0.016. 

h f = 0.016[(300 + 150 + 295)/0.150] {5.659 2 /[(2)(9.807)]} = 129.7 m 
h m = (K)(v 2 l2g) = (0.4 + 0.9 + 0.9 + 1){5.659 2 /[(2)(9.807)]} = 5.2 m h L = 129.7 + 5.2 = 134.9 m 
p x /9. 79 + 0 + 25 = 40/9.79 + 5.659 2 /[(2)(9.807>] + 150 + 134.9 p x = 2600 kPa gage 


K = 0.9 295 m 
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Fig. 9-43 


9.211 What pressure p x is required in Fig. 9-44 to cause 1 ft 3 /s of water to flow, given p 2 = 5 psig? Take 
p = 2.11 x 10 -5 lb • s/ft 2 for water. 

I Pa/y + v 2 J2g + z A = p B l y + v 2 b /2 g + z B + h L p A /Y = (pi)(144)/62.4 + (10)(0.8) = 2.308p, + 8.00 

= QMb = l/[(.7r)(^) 2 /4] = 5.093 ft/s h L = h f +h m h f = (f)(L/d)(v 2 /2g) 

N„ = pdv/p = (1.94)(£)(5.093)/(2.11 x 10~ 5 ) = 2.34 x 10 s e/d = 0.00015/(£) = 0.00030 
From Fig. A-5,/= 0.0175. 

hf = 0.0175[2800/(£)]{5.093 2 /[(2)(32.2)]} = 39.47 ft h m = (K)(v 2 /2g) = (0.5 + l){5.093 2 /[(2)(32.2)]} = 0.60 ft 

fc t = 39.47 + 0.60 = 40.07 ft 

(2.308p, + 8.00) + 0 + 25 = (5)(144)/62.4 + 5.093 2 /[(2)(32.2)] + 0 + 40.07 p, = 8.2 psig 
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9.212 Find the flow through the system of Fig. 9-45. Use e - 0.00015 ft. 

I PaIy + v\/2g + z a =PbIy + v%/2g +z B + h L 0 + 0+ (100 + 100) = 0 + 0+ 100 + h L h L = 100ft = /«, +h m 
h f = (f)(L/D)(v 2 /2g) =/[(500 + 100 + 102)/(£)]{i» 2 /[(2)(32.2)]} = 21.80/v 2 
h m = (K)(v 2 /2g) = (0.4 + 0.8 + 0.8 + l){u 2 /[(2)(32.2)]} = 0.04658t/ 2 h L = 21.80ft/ 2 + 0.04658t/ 2 
100 = 21.80/t/ 2 + 0.046581/ 2 


v = V100/(21.80/ + 0.04658) 


Try/ = 0.015: v = Vl00/[(21.80)(0.015) + 0.04658] = 17.49 ft/s, N R = Dv/v = (tj)( 17.49)/(1.21 X 10 )- 
7 7.3 x 10 s elD = 0.00015/(^) = 0.00030. From Fig. A-5,/ = 0.016. Try/ = 0.016: v= , 

V l00/[(21.74)(0. 016) + 0.04658] = 15.92 ft/s, N R = (£)(15.92)/(1.21 x 10“ 5 ) = 6.58 x 10 5 , / = 0.016 (O.K.); 
Q = Av • [(jt)(^) 2 /4](15.92) = 3.13 ft 3 /s. 
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Fig. 9-45 


9.213 A flow of 170 L/s is to go from tank A to tank B in Fig. 9-46. If v = 0.113 x 10~ 5 m 2 /s, what should the diameter 
be for the horizontal section of pipe? 

f Pa/y + v\Hg + z A = Pb Iy + v|/2g + z B + h L 0 + 0 + (35 + 35) = 0 + 0 + 16 + /t*. h L = 54m = h f + h m 
u, = QlAi = ®/(*rD 2 /4) = 0.2165 /D 2 v 2 = Q/A 2 = ®/[(w)® 2 /4] = 9.620 m/s 

h f = (J)(L/D)(v 2 /2g) = (/,)(65/D){(0.2165/D 2 ) 2 /[(2)(9.807)]} 

+/ 2 [35/( 1 ^)]{9.620 2 /[(2)(9.807)]} = 0.1553/,/D 5 + 1101/ 2 
h m = (K)(v 2 /2g) = (0.4 +0.9){(0.2165/D 2 ) 2 /[(2)(9.807)]} 

+ 1.0 {9.620 2 /[(2)(9.807)]} = 0.003107/D 4 + 4.718 
h L = 0.1553/i/D 5 + U01/ 2 + 0.003107/D 4 + 4.718 
54 = 0.1553/i/D 5 + U01/ 2 + 0.003107/D 4 + 4.718 

Try fi =/ 2 = 0.015: 54 = (0.1553)(0.015)/D S + (1101)(0.015) + 0.003107/D 4 + 4.718. 

By trial and error, D = 0.154 m. 

i/! = 0.2165/0.154 2 = 9.129 m/s N R = Dv/v 
(N r )i = (0.154)(9.129)/(0.113 x 10~ 5 ) = 1.24 x 10 6 (e/D), = 0.000046/0.154 = 0.00030 

From Fig. A-5,/, = 0.0155. (JV R ) 2 = ®(9.620)/(0.113 x 10' 5 ) = 1.28 x 10 6 , (e/D) 2 = 0.000046/® = 
0.00031, f 2 = 0.0155. Try/, =/ 2 = 0.0155: 54 = (0.1553)(0.0155)/D S + (1101)(0.0155) + 0.003107/D +4.718. By 
trial and error, D = 0.155 m. 

u, = 0.2165/0.155 2 = 9.011 m/s (Afe), = (0.155)(9.011)/(0.113 x lO" 5 ) = 1.24 x 10 6 
(e/D), = 0.000046/0.155 = 0.00030 /, = 0.0155 

(A R ) 2 = ®(9.620)/(0.113 xl0“ 5 ) = 1.28 X 10 6 / 2 = 0.0155 (O.K.) 

Therefore, D = 0.155 m, or 155 mm. 
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Fig. 9-46 


9.214 In Prob. 9.208, if p t = 200 lb/in 2 gage, what should the inside pipe diameter be to enable transport of 12 ft 3 /s of 
water? Again neglect minor losses. 

I pjy+ v 2 J2g + z l =p 2 ly + v\l2g + z 2 + h L v 2 = Q/A 2 = l2/(nd 2 /i) = 15.28/d 2 

h L = h f = (f)(L/d)(v 2 /2g) 

h f = (/)[(400 + 160 + 250)/d]{(15.28/d 2 )7[(2)(32.2)]} = 2937//d 5 

(200)(144)/62.4 + 0 + 120 = 0 + (15.28/d 2 ) 2 /[(2)(32.2)] + 160 + 2937 fid 5 421.5 = 3.625/d 4 + 2937 f/d 5 

Try/ = 0.015: 421.5 = 3.625/d 4 + (2937)(0.015)/d 5 . By trial and error, d = 0.643 ft. v = 15.28/0.643 2 = 

36.% ft/s, N R = dv/v = (0.643)(36.96)/(2.11 X 10~ 5 ) = 1.12 x 10 6 , e/d = 0.00015/0.652 = 0.00023. From Fig. 
A-5,/ = 0.015 (O.K.). Therefore, d = 0.643 ft, or 7.72 in. 

9.215 Under the pressures established in Prob. 9.210, what size pipe is needed to double the flow? 

f Pa/y + v A /2g + z A =p B /y + v 2 B /2g + z B + h L v B = Q/A B = 0.2/(^d 2 /4) = 0.2546/d 2 

h f = (f)(L/d)(v 2 /2g) =/[(300 + 150 + 295)/d] {(0.2546/d 2 ) 2 /[(2)(9.807)]} = 2.462 f/d 5 
h m = (K)(y 2 /2g) = (0.4 + 0.9 + 0.9 + l){(0.2546/d 2 ) 2 /[(2)(9.807)]} = 0.01058/d 4 
h, = h f +h m = 2.462 f/d 5 + 0.01058/d 4 

2600/9.79 + 0 + 25 = 40/9.79 + (0.2546/d 2 ) 2 /[(2)(9.807)] + 150 + 2.462//d 5 + 0.01058/d 4 

136.5 = 2.462//d 5 + 0.01388/d 4 

Try/ = 0.015: 136.5 = (2.462)(0.015)/d 5 + 0.01388/d 4 . By trial and error, d = 0.196 m.v= 0.2546/0.196 2 = 
6.627 m/s, N R = dv/v = (0.196)(6.627)/(0.113 x 10“ 5 ) ^ 1.15 x 10 6 , e/d = 0.000046/0.196 = 0.000235. From Fig. 
A-5,/ =0.015 (O.K.). Therefore, d = 0.196m, or 196mm. 

9.216 A 12-in-diameter pipe with a friction factor of 0.02 conducts fluid between two tanks at 10 fps. The ends of the 
pipe are flush with the tank walls. Find the ratio of the minor losses to the pipe friction loss if the length of the 
pipe is («) 10 ft, (b) 250 ft, and (c) 1500 ft. 

I h f — (f)(L/d)(v 2 /2g) h m =(K){v 2 /2g) 

(a) h f = 0.02[(10/H)](u 2 /2g) = 0.20u 2 /2g h m = (0.5 + 1.0)(n 2 /2g) = 1.5v 2 /2g 

hjhf = (1.5v72g)/(0.20v72g) = 7.5 (7.5:1) 

(b ) h f = 0.02[250/0|)](u72g) = 5.0u 2 /2g h m = (0.5 + 1.0)(u 2 /2 g) = 1.5v 2 /2 g 

hjhf = (1.5u 2 /2g)/(5.0v72g) = 0.3 (0.3:1) 

(c) h f = 0.02[1500/({f)](w 2 /2g) = 30v 2 /2g h m = (0.5 + 1.0)(n 2 /2g) = 1.5u 2 /2g 

hjhf = (1.5u72g)/(30u 2 /2g) = 0.05 (0.05:1) 
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9.217 A smooth pipe 30 cm in diameter and 100 m long has a flush entrance and a submerged discharge. The velocity 
is 3 m/s. If the fluid is water at 15 °C, what is the total loss of head? 

I h L = h f + h m h f = (f)(L/d)(v 2 /2g) N k = dv/v = (0.30)(3)/(l. 16 x 10“ 6 ) = 7.76 x 10 5 

From Fig. A-5,/ = 0.0122. h f = 0.0122[100/0.30]{3 2 /[(2)(9.807)]} = 1.87 m, h m = (K)(v 2 /2g) = 

(0.5 + 1.0){3 2 /[(2)(9.807)]} = 0.69 m, h L = 1.87 + 0.69 = 2.56m. 

9.218 The water of Prob. 9.217 is replaced by oil with kinematic viscosity 9.3 x 10 5 m 2 /s and specific gravity 0.925. 
Determine the pressure loss. 

I h L = h f +h m h, = (f)(L/d)(v 2 /2g) N R = dv/v = (0.30)(3)/(9.3 x 10~ s ) = 9.68 x 10 3 

From Fig. A-5, / = 0.031. 

h f = 0.031[100/0.30]{3 2 /[(2)(9.807)]} = 4.74 m h m = (K)(v 2 /2g) = (0.5 + 1.0){3 2 /[(2)(9.807)]} = 0.69 m 
h L = 4.74 + 0.69 = 5.43 m of oil A p = yh L = [(0.925)(9.79)](5.43) = 49.2 kPa 

9.219 A smooth pipe consists of 100 ft of 8-in pipe followed by 200 ft of 24-in pipe, with an abrupt change of cross 
section at the junction. It has a flush entrance and a submerged exit. If it carries water at 60 °F in the smaller leg 
with a velocity of 18 fps, what is the total head loss? 

f h L = h f +h m h f — (f)(L/d)(v 2 /2g) N R = dv/v (N R ) d „ s = (£)(18)/(1.21 x 10 5 ) = 9.92 x 10 5 
From Fig. A-5, (/) d _ 8 = 0.0117. 

A lVl =A 2 v 2 A, = [(jr)(&) 2 /4] = 0.3491ft 2 A 2 = ](jr)(f|)74] = 3.142 ft 2 
(0.3491)(18) = (3.142)(v 2 ) v 2 = 2.000 ft/s {N R ) d=2A = (ff)(2.000)/(1.21 x 10 5 ) = 3.31 x 10 5 
(Jh-24 = 0.0142 h f = 0.0117[100/(£)]{18 2 /[(2)(32.2)]} + 0.0142[200/(f|)]{2.000 2 /[(2)(32.2)]} = 8.92 ft 

h m = (K){v 2 /2g) 

For entrance, K , = 0.5. For abrupt change, K 2 — (1 - AJA 2 ) 2 = (1 - 0.3491/3.142) 2 = 0.7901. For exit, K 3 = 1.0. 
h m = (0.5 + 0.7901){18 z /[(2)(32.2)]} + 1.0(2.000 2 /[(2)(32.2)]} = 6.55 ft, h L = 8.92 + 6.55 = 15.47 ft. 

9.220 A 6-in-diameter pipe (/ = 0.032) of length 110 ft connects two reservoirs whose water-surface elevations differ 
by 10 ft. The pipe entrance is flush, and the discharge is submerged, (a) Compute the flow rate. (6) If the last 
10 ft of pipe were replaced with a conical diffuser with a cone angle of 10°, compute the flow rate. 

f P\ly + v\l2g + z x =p 2 ly + v\l2g + z 2 + h L 

(«) h f = (f)(L/d)(v 2 /2g) = 0.032[110/(£)]{u 2 /[(2)(32.2)]} = 0.1093v 2 

h m = (K)(v 2 /2g) = (0.5 + 1.0){u 2 /[(2)(32.2)]} = 0.02329u 2 

h L = h f + h m = 0.1093v 2 + 0.02329v 2 = 0.1326v 2 

0 + 0+ 10 = 0 + 0 + 0 + 0.1326V 2 v = 8.684ft/s 

Q = Av = [(rr)(n) z /4](8.684) = 1.71 ft 3 /s 

(A) hf = 0.032[(110 - 10)/(n)]{v 2 /[(2)(32.2)]} = 0.09938v 2 h m = (0.5 + 0.40){v 2 /[(2)(32.2)]} = 0.01398v 2 
h L = 0.09938V 2 + 0.01398V 2 = 0.1134v 2 0 + 0+10 = 0 + 0 + 0 + 0.1134v 2 

v = 9.391 ft/s Q=Av = [Ctt)(i|) 2 /4](9.391) = 1.84 ft 3 /s 

9.221 Given two pipes in series with a diameter ratio of 1:2 and flow velocity of 15 fps in the smaller pipe, find the 
loss of head due to abrupt (a) contraction and ( b ) enlargement. 

I h m = {K)(v 2 /2g) 

(а) d/D =0.5 K = 0.33 h„ = 0.33{15 2 /[(2)(32.2)]} = 1.15 ft 

(б) K = 0.55 h m = 0.55 {15 2 /[(2) (32.2)]} = 1.92 ft 

9.222 In a 50-ft length of 4-in-diameter wrought iron pipe there are one open globe valve (K = 10), one 45° regular 
elbow ( K = 0.75), and one pipe bend with a radius of curvature of 40 in (K = 0.10). The bend is 90°, and its 
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length is not included in the 50 ft. No entrance or discharge losses are involved. If the fluid is water at 72 °F and 
the velocity is 6 fps, what is the total head loss? 

I h L = h f + h m h f = (f)(L/d)(v 2 /2g) 

N r = dv/v = Cn)(6)/(1.02 X 10~ 5 ) = 1.96 X 10 s " e/d = 0.00015/Ch) = 0.00045 
From Fig. A-5, / = 0.0185. 

L = 50 + M(2)(*)(t§)] = 55.2 ft h f = 0.0185[55.2/(£)]{6 2 /[(2)(32.2)]} = 1.71 ft 
h m = (K)(v 2 /2g) = (10 + 0.75 + 0.10){6 2 /[(2)(32.2)]} = 6.07 ft h L = 1.71 + 6.07 = 7.78 ft 


9.223 Compute the friction head per 1000 ft of pipe for laminar flow at Reynolds number 50 000 (the empirical upper 
limit). Consider two situations: one where the fluid is water at 60 °F, the other where the fluid is SAE10 oil at 
150 °F (v = 0.00016 ft 2 /s). Pipe diameter is 2.0 in. 

I h f = (f)(L/d)(v 2 /2g) f = 64/N R = 64/50 000 = 0.00128 N R = dv/v 

For water: 

50 000 = (2.0/12)(t>)/(1.21 x 10“ 5 ) v = 3.630 ft/s 
h f = 0.00128[1000/(2.0/12)] (3.630 2 /[(2)(32.2)]} = 1.57 ft 

For oil: 


50 000 = (2.0/12)(u)/0.00016 v = 48.00 ft/s 
h f = 0.00128(1000/(2.0/12)] {48.00 2 /[(2)(32.2)]} = 275 ft 

9.224 Repeat Prob. 9.223 if the flow is turbulent in a smooth pipe. 

I h r = (f )(L/d)(v 2 /2g). From Fig. A-5, / = 0.0207. 

For water: From Prob. 9.223, v = 3.630 ft/s. h f = 0.0207[1000/(2.0/12)]{3.6307[(2)(32.2)]} = 25.4 ft. 
For oil: From Prob. 9.223, v = 48.00 ft/s. h f = 0.0207[1000/(2.0/12)]{48.007[(2)(32.2)]} = 4443 ft. 


9.225 Repeat Prob. 9.223 if the flow is turbulent in a rough pipe with e/d = 0.05. 

I h f = (f)(L/d)(v 2 /2g). From Fig. A-5, / = 0.072. 

For water: From Prob. 9.223, v = 3.630 ft/s. h f = 0.072[1000/(2.0/12)]{3.630 2 /[(2)(32.2)]} = 88.4 ft. 
For oil: From Prob. 9.223, v = 48.00 ft/s. h f = 0.072[1000/(2.0/12)]{48.00 2 /[(2)(32.2)]} = 15 455 ft. 


9.226 Water at 60 °F flows through 10 000 ft of 12-in-diameter pipe between two reservoirs whose water-surface 
elevation difference is 200 ft. Find the flow rate if e = 0.0018 in. 

I Pi/Y + v\/2g + 2 , =p 2 ly+ v]J2g + z 2 + h L 0 + 0 + 200 = 0 + 0 + 0 + /:/. 

h L = 200 ft = h f = (f)(L/d)(v 2 /2g) =/[10 000/(j§)]{i/7[(2)(32.2)]} = 155.3 fv 2 
200 = 155.3/v 2 v = 1.135/\^ 

Try/ = 0.03: v = 1.135/VO03 = 6.553 ft/s, N R = dv/v = (H)(6.553)/(1.21 x 10~ 5 ) = 5.4 2 x 10 s , 
e/d = 0.0018/12 = 0.00015. From Fig. A-5, / = 0.015. Try / = 0.015: v = 1.135/V0.015 = 9.267 ft/s, 

N r = (ii)(9.267)/(1.21 x 10~ 5 ) = 7.66 x 10 s , / = 0.0145. Try/ = 0.0145: v = 1.135/VOl45 = 9.426 ft/s, 

N r = ({§)(9.426)/(1.21 x IQ’ 5 ) = 7.79 x 10 5 , / = 0.0145 (O.K.); Q = Av = [(jr)0§) 2 /4](9.426) = 7.40ft*/s. 


9.227 Repeat Prob. 9.226 if e is twenty times larger than in Prob. 9.226. 

I V = 1.135 /y/f (from Prob. 9.226). Try / = 0.03: v = 1.135/\C03 = 6.553 ft/s, N R = dv/v = 
(ii)(6.553)/(1.21 x 10- 5 ) = 5.42 x 10 5 , e/d = (20)(0.0018)/12 = 0.00300. From Fig. A-5, / = 0.027. 

Try / = 0.027: v = 1.135/V0.027 = 6.907 ft/s, N„ = (i§)(6.907)/(1.21 x lO' 5 ) = 5.71 x 10 s ,f = 0.027 (O.K.); 
Q=Av = [(^r)(ii) 2 /4](6.907) = 5.42 ft 3 /s. 
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9.228 How large a wrought iron pipe is required to convey oil (s.g. = 0.9, p = 0.0008 lb • s/ft 2 ) from one tank to 
another at a rate of 1.0 cfs if the pipe is 3000 ft long and the difference in elevation of the free liquid surfaces is 
40 ft? 

f pJy + v 2 J2g + z x *= p 2 /y + vl/2g + z 2 + h L 0 + 0 + 40 = 0 + 0 + 0 + h L 

h L = 40tt = h f = (f)(L/d)(v 2 /2g) v = Q/A = 1.0/(?rd 2 /4) = 1.273/d 2 

h L = (/)(3000/d){(1.273/d 2 )7[(2)(32.2)]} = 75.49//d 5 40 = 75.49 f/d 5 d = 1.135/ 1/s 

Try/ = 0.03: d = (1.135)(0.03) 1/s = 0.5629 ft, N R = pdv/p = [(0.9)(1.94)](0.5629)(1.273/0.5629 2 )/0.0008 = 4936, 
e/d = 0.00015/0.5629 = 0.00027. From Fig. A-5,/= 0.0375. Try/= 0.0375: d = (1.135)(0.0375) 1/s = 0.5886ft, 
N r = [(0.9)(1.94)](0.5886)(1.273/0.5886 2 )/0.0008 = 4720, / = 0.038. Try / = 0.038: d = (1.135)(0.038) 1/5 = 

0.5901 ft, N r = [(0.9)(1.94)](0.5901)(1.273/0.5901 2 )/0.0008 = 4708, / = 0.038 (O.K.). Therefore, d = 0.5901 ft, 
or 7.08 in. 

9.229 If the diameter of a pipe is doubled, what effect does this have on the flow rate for a given head loss if the flow 
is laminar? 

f h L = (32)( v)(L/gd 2 )(v) = (constant)(v/d 2 ) v = kd 2 Q=Av = k'd 4 

Thus, doubling the diameter will increase the flow rate by a factor of 2 4 , or 16. 

9.230 If the diameter of a pipe is doubled, what effect does this have on the flow rate for a given head loss if the flow 
is turbulent? 

f If / = constant (complete turbulence): h L = k x v 2 /d, v = k 2 d xa , Q = Av = k 3 d 5 ' 2 . Thus, doubling the diameter 
will increase the flow rate by a factor of 2 S/2 , or 5.66. 

For smooth pipe with N R < 100 000: / = 0.316/Aft 25 , h L = (f)(L/d)(v 2 /2g) = (k x )(v 7,4 /d 5H ), v = k 2 d sn , 

Q=Av = k 3 d l9n . Thus, doubling the diameter will increase the flow rate by a factor of 2 19/7 , or 6.56. 

9.231 A 150-mm-diameter pipeline 100 m long discharges a 50-mm-diameter jet of water into the atmosphere at a 
point 60 m below the water surface at intake. The entrance to the pipe is a projecting one, with K = 0.9, and the 
nozzle loss coefficient is 0.05. Find the flow rate and the pressure head at the base of the nozzle, assuming 

/ = 0.03. 

f pJY + v 2 J2g + z l =p 2 lY + vl/2g + z 2 + h L (1) 

h f = (/)(L/d)(u 2 /2g) = 0.03[100/0.150] {u 2 / [(2)(9.807)]} = 1.020u 2 

h m = (K)(v 2 /2g) = (0.9){u 2 /[(2)(9.907)]} + (0.05){ift,/[(2)(9.907)]} = 0.04589u 2 + 0.002549tft t 

h L = h f + h m = 1.020v 2 + 0.04589v 2 + 0.002549ift, = 1.066v 2 + 0.002549V 2 ,, 

0 + 0 + 60 = 0 + vf«/[(2)(9.807)] + 0 + 1.066v 2 + 0.002549v 2 et 

Since velocity varies as the square of the diameter, v jet = d) 2 (v) = 9v, 60 = (9v) 2 /[(2)(9.807)] + 1.066v 2 + 
(0.002549)(9v) 2 , v = 3.333 m/s; Q = Av = [(jr)(0.150) 2 /4](3.333) = 0.0589 m 3 /s. Applying Eq. (1) to the nozzle, 
p,/ 9.79 + 3.333 2 /[(2)(9.807)] + 0 = 0 + [(9)(3.333)] 2 /[(2)(9.807)] + 0 + 0.05{[(9)(3.333)] 2 /[(2)(9.807)]}, p, = 

46.9 kPa. 

9.232 A 2.0-m-diameter, 1600-m-long concrete pipe (e = 1.5 rrnn) carries water at 12 °C between two reservoirs at 
8.0 m 3 /s. Find the difference in water-surface elevation between the two reservoirs, considering minor losses at 
entrance and exit. 

f P\lY + v 2 J2g + z l =p 2 /Y + v 2 2 /2g + z 2 + h L h L = h f + h m h f = (f)(L/d)(v 2 /2g) 

v = Q/A = 8.0/[(tt)( 2.0) 2 /4] = 2.546 m/s N R = dv/v = (2.0)(2.546)/(1.24 x 10~ 6 ) = 4.11 x 10 6 

e/d = 0.0015/2.0 = 0.00075 

From Fig. A-5, / = 0.0185. 

h f = (0.0185)(1600/2.0) {2.546 2 /[(2)(9.807)]} = 4.89 m 
h m = (K)(v 2 /2g) = (0.5 + 1.0){2.546 2 /[(2)(9.807)]} = 0.50 m 
hf = 4.89 + 0.50 = 5.39 m 0 + 0 + z, = 0 + 0 + z 2 + 5.39 m 


z x — z 2 = 5.39 m 
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9.233 A pipe of mean diameter 5 ft and length 6000 ft delivers water to a facility 1300 ft below the water surface at 
intake. Assume / = 0.025. When the pipe delivers 300 cfs, what is the horsepower delivered? 

I v 2 = Q/A 2 = 300/[(jr)(f§) 2 /4] = 15.28 ft/s 

h f = (f)(L/d)(v 2 /2g) = 0.025(6000/(f§)]{15.28 2 /[(2)(32.2)]} = 108.76 ft 

h m = (K)(v 2 /2g) = 0.50{15.28 2 /[(2)(32.2)]> = 1.81 ft 

h L = h f + h m = 108.76 + 1.81 = 110.57 ft 

P = Qy(Az - h L ) = (300)(62.4)(1300 - 110.57) = 2.227 x 10 7 ft • lb/s = (2.227 x 10 7 )/550 = 40491 hp 

9.234 Find the kilowatt loss in 500 m of 50-cm-diameter pipe for which e = 0.05 mm when dye at 45 °C (s.g. = 0.86, 
v = 4.4 x 10 -6 ft 2 /s) flows at 0.22 m 3 /s. Neglect minor losses. 

I h f = (J)(L/d)(v 2 /2g) v = Q/A = 0.22/[(*r)(m) 2 /4] = 1.120 m/s 

N r = dv/v = (0.50)(1.120)/(4.4 x 10" 6 ) = 1.27 x 10 5 e/d = (5 x 10“ 5 )/(5 x 10“') = 0.0001 

From Fig. A-5,/ = 0.018. h f = 0.018[500/0.50]{1.120 2 /[(2)(9.807)]} = 1.151 m, P = Qyh f = 
0.22[(0.86)(9.79)](1.151) = 2.13 kW. 

9.235 Linseed oil, of kinematic viscosity 0.0005 ft 2 /s and weight density 59.8 lb/ft 3 , is pumped through a 3-in pipe 

(e = 0.001 in), (a) At what maximum velocity would the flow still be laminar? (ft) What would then be the loss 
in energy head per 1000 ft of pipe? 

f (a) Assume laminar flow exists for N R < 2000. N R = dv/v, 2000 = (^)(u)/0.0005, v = 4.00 ft/s. 

(6) / = 64 /N r - 5 &S = 0.032 h f = (f)(L/d)(v 2 /2g) = 0.032[1000/(^)]{4.00 2 /[(2)(32.2)]} = 31.80 ft 

p = yhf = (59.8)(31.80)/144 = 13.2psi per 1000ft 

9.236 Repeat Prob. 9.235 if the velocity is three times the maximum velocity for laminar flow. 

I v = (3)(4.00) = 12.00 ft/s h f = (f)(L/d)(v 2 /2g) 

N r = dv/v = (^)(12.00)/0.0005 = 6000 e/d = 0.001/2 = 0.00050 
From Fig. A-5, / = 0.036. 

h f = 0.036[1000/(^)]{12.00 2 /[(2)(32.2)]} = 322.0 ft 
p = yh f = (59.8)(322.0)/144 = 134 psi per 1000 ft 

9.237 Water flows upward at 3 m/s through a vertical 150-mm-diameter pipe standing in a body of water with its lower 
end 1.0 m below the surface. Considering all losses and with / = 0.022, find the pressure at a point 3 m above 
the surface of the water. 

f pjy + v\/2g + z, = p 2 /y + v\/2g +z 2 + h L . Let point 1 be at the water surface and point 2 be 3 m above the 
water surface. h L = h f + h m , h f = (f)(L/d)(v 2 /2g) = 0.022[(3 + 1.0)/0.150]{3 2 /[(2)(9.807)]} = 0.269 m, h m = 
(K)(v 2 /2g). For entrance loss, assume K = 0.8. h m = 0.8{3 2 /[(2)(9.807)]} = 0.367 m, h L = 0.269 + 0.367 = 

0.636 m, 0 + 0 + 0 = p 2 / 9.79 + 3 2 /[(2)(9.807)] + 3 + 0.636, p 2 = -40.1 kPa. 

9.238 Work Prob. 9.237 if the flow is downward. 

I p 2 /y + v\/2g + z 2 =P\/y + v 2 /2g + z t + h L h L = h f + h m 

hf = 0.269 m (from Prob. 9.237) h m = (K)(v 2 /2g) 

For exit loss, assume K = 1.0. 

h m = 1.0{3 2 /[(2)(9.807)]} = 0.459 m h L = 0.269 + 0.459 = 0.728 m 
p 2 / 9.79 + 3 2 /[(2)(9.807)] + 3 = 0 + 0 + 0 + 0.728 p 2 = -26.7 kPa 
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9.239 A horizontal pipe 20 cm in diameter and for which / = 0.030 projects into a pond 1 m below the surface. 
Considering all losses, find the pressure at a point 4 m from the end of the pipe if the flow is at 3 m/s from the 
pipe into the pond. 

f pjy + v 2 J2g + z, = pjy + v\/2g + z 2 + h L . Let point 1 be 4 m from the end of the pipe and point 2 be 
at the water surface. h L = h f + h m , h f = (f)(L/d)(v 2 /2g) = 0.030[4/0.20]{3 2 /[(2)(9.807)]} = 0.275 m, 
h m = (K)(v 2 /2g). For exit loss, K = 1.0. h m = 1.0{3 2 /[(2)(9.807)]} = 0.459 m, h L = 0.275 + 0.459 = 0.734 m, 
p,/9.79 + 3 2 /[(2)(9.807)] +0=0+0+l+ 0.734, p , = 12.5 kPa. 

9.240 Repeat Prob. 9.239 if the flow is from the pond into the pipe. 

I pdy + vl/2g + z 2 =P\ly + v\/2g + z t + h L h L -h f + h m 

h f = 0.275 m (from Prob. 9.239) h m = (K)(v 2 /2g) 

For entrance, K = 0.8. 

h m = 0.8{3 2 /[(2)(9.807)]} = 0.367 m h L = 0.275 + 0.367 = 0.642 m 

0 + 0 + 1 = pi/9.79 + 3 2 /[(2)(9.807)] + 0 + 0.642 p , = -0.99 kPa 

9.241 A pipe runs from one reservoir to another, both ends of the pipe being under water. The intake is 
nonprojecting; the length of pipe is 480 ft; its diameter is 10.25 in; and the difference in the two water levels is 
106 ft. If / = 0.02, what will be the pressure at a point 300 ft from the intake and 120 ft below the surface of the 
water in the upper reservoir? 

I pJy + v\l2g + z- l =p 2 ly + v\l2g + z 2 + h L (1) 

Let points 1 and 2 be at the water surface in the upper and lower reservoirs, respectively. 
h f = (f)(L/d)(v 2 /2g) = 0.02[(480)/(10.25/12)] {u 2 /[(2)(32.2)]} = 0.1745u 2 

h m = (K)(v 2 /2g) = (0.5 + 1.0){u 2 /[(2)(32.2)]> = 0.02329v 2 
h L = h f +h m = 0.1745u 2 + 0.02329o 2 = 0.1978u 2 0 + 0+106 = 0 + 0 + 0 +0.1978u 2 v = 23.15 ft/s 

Now apply Eq. ( 1 ) between the upper reservoir (point 1) and the point 300 ft from the intake (point 2). 
hf =0.02[(300)/(10.25/12)]{23.15 2 /[(2)(32.2)]} = 58.46 ft h m = 0.5{23.15 2 /[(2)(32.2)]} = 4.16ft 
h L = 58.46 + 4.16 = 62.62 ft 0 + 0 + 120 = (p 2 )(144)/62.4 + 23.15 2 /[(2)(32.2)] + 0 + 62.62 p 2 = 21.3 lb/in 2 

9.242 A 9.5 -in-diameter pipeline runs from one reservoir to another, both ends being under water, and the intake end 
is nonprojecting. The difference in water levels between the two reservoirs is 110 ft, and the length of pipe is 
1000 ft. What is the discharge if / = 0.06? 

I pjy + v\/2g + Zi = p 2 l y + v\l 2g + z 2 + h L 

hf = (f)(L/d)(v 2 /2g) = 0.06[(1000)/(9.5/12)] (u 2 /[(2)(32.2)]} = 1.1769u 2 
h m = (K)(v 2 /2g) = (0.5 + 1.0){u7[(2)(32.2)]} = 0.02329u 2 
h L = h f + h m = 1.1769u 2 + 0.02329u 2 = 1.200w 2 0 + 0+110 = 0 + 0 + 0+ 1.200t> 2 

v = 9.57 ft/s Q = Av = [(yr)(9.5/12) 2 /4](9.57) = 4.71 ft 3 /s 

9.243 A jet of water is discharged through a nozzle at a point 200 ft below the water level at intake. The jet is 4 in in 
diameter, and the loss coefficient of the nozzle is 0.15. If the pipeline is 12 in in diameter, 600 ft long, with a 
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nonprojecting entrance, what is the pressure at the base of the nozzle? Assume / = 0.0125. 

I pJy + v 2 J2g + z l =p 2 ly + vll2g + z 2 + h L ( 1) 

h f = (f)(L/d)(v 2 /2g) = 0.0125[600/(j|)]{u 2 /[(2)(32.2)]} = 0.1165u 2 

h m = (K)(v 2 /2g) = 0.5 {u 2 /[(2)(32.2)]} + (0.15){u 2 ct /[(2)(32.2)]} = 0.007764v 2 + 0.002329u 2 e , 

h L = h f + h m = 0.1165t> 2 + 0.007764u 2 + 0.002329u 2 et = 0.1243v 2 + 0.002329u 2 et 

0 + 0 + 200 = 0 + v]J[{ 2)(32.2)] + 0 + 0.1243u 2 + 0.002329u 2 et 

Since velocity varies with the square of diameter, u jet = (t) 2 (u) = 9v, 200 = (9u) 2 /{(2)(32.2)] + 0.1243t/ 2 + 
(0.002329)(9u) 2 , v = 11.28ft/s. Applying Eq. (1) to the nozzle, (p,)(144)/62.4 + 11.28 2 /[(2)(32.2)] + 0 = 

0 + [(9)(11.28)]7[(2)(32.2)] + 0 + (0.15){[(9)(11.28)}7[(2)(32.2)]}, Pi = 78.9 lb/in 2 . 

9.244 Compute the losses due to flow of 25 m 3 /min of air, p = 1 atm, T — 20 °C, through a sudden expansion from 
300-mm pipe to 900-mm pipe. How much head would be saved by using a 10° conical diffuser? 

I For sadden expansion: h m = [1 - (DJD 2 f]\v\l2g), u, = Q/A t = (S)/[(^)®) 2 /4] = 5.895 m/s, 
h m = [1 - (foo) 2 ] 2 {5.895 2 /[(2)(9.807)]} = 1.400 m. 

For conical diffuser: h m = 0.152[(u! — u 2 ) 2 /2g], v 2 = Q/A 2 = (ffi)/[(^r)(S) 2 /4] = 0.655 m/s, 
h m = 0.152{(5.895 - 0.655) 2 /[(2)(9.807)]} = 0.213 m. 

Saving in head = 1.400 — 0.213 = 1.187 m or 1.187 N-m/N or 1.187 J/N 

9.245 Calculate the value of H in Fig. 9-47 for 125 L/s of water at 15 °C through commercial steel pipe. 

I P\ly + v\!2g + z, =p 2 /y + v\/2g + z 2 + h L h L = h f +h m h f = (J)(L/d)(v 2 /2g) 

v = Q/A = (125 x 10 3 )/[(jrr)(0.30) 2 /4] = 1.768 m/s 
N r = dv/v = (0.30)(1.768)/(1.16 X 10" 6 ) = 4.57 x 10 5 e/d = 0.000046/0.30 = 0.00015 
From Fig. A-5, / = 0.015. 

hf = 0.015[50/0.30] {1.768 2 /[(2)(9.807)]} = 0.398 m 
h m = (K)(v 2 /2g) = (0.5 + 1.0){1.768 2 /[(2)(9.807)]} = 0.239 m 
h L = 0.398 + 0.239 = 0.637 m 0 + 0 + z, = 0 + 0 + z 2 + 0.637 z, - z 2 = H = 0.637 m 


Fig. 9-47 

9.246 In Fig. 9-47, for H = 3 m and a fluid with s.g. = 0.8 and p = 0.007 Pa • s, calculate the discharge through smooth 
pipe. 

I pJy + v 2 /2g + z l =p 2 /y + vl/2g + z 2 + h L 

h f = (f)(L/d)(v 2 /2g) = (/)[50/0.30]{v 2 /[(2)(9.807)]} = 8.497/t- 2 

h m = (K)(v 2 /2g) = (0.5 + 1.0){u 2 /[(2)(9.807)]} = 0.07648i» 2 h L = h f +h„ = 8.497 fv 2 + 0.07648v 2 

0 + 0 + 3 = 0 + 0 + 0 + 8.497 fv 2 + 0.07648u 2 v = V3/(8.497/ + 0.07648) 

Try/ = 0.02: v = V3/[(8.497)(0.02) + 0.07648] = 3.489 m/s, N R = pdv/p = [(0.8)(1000)](0.30)(3.489)/ 

0.007 = 1.20 x 10 s . From Fig. A-5,/ = 0.017. Try/ = 0.017: v = V3/[(8.497)(0.017) + 0.07648] = 

3.685 m/s, N R = [(0.8)(1000)](0.30)(3.685)/0.007 = 1.26 x 10 5 , / = 0.017 (O.K.); Q = Av = 

[(jt)( 0. 30) 2 /4](3.685) = 0.260 m 3 /s. 
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9.247 Evaluate K for a valve that, placed in the line in Prob. 9.246, would reduce the discharge by 50%. 

f From Prob. 9.246, H = 3 = [(/)(50)/0.30 + 0.5 + 1.0 + K vfllvc ]{(3.685/2) 2 /[(2)(9.807)]}, K valve = 15.83 - 
166.7/, N r = pdv/fi = [(0.8)(1000)](0.30)(3.685/2)/0.007 = 6.32 X 10 4 . From Fig. A-5,/ = 0.0197. AT valve = 
15.83 - (166.7)(0.0197) = 12.5. 

9.248 A water line connecting two reservoirs at 70 °F has 4860 ft of 24-in-diameter steel pipe, three standard elbows 
(K = 0.9), a globe valve ( K = 10), a re-entrant pipe entrance (K = 1.0), and a submerged pipe exit (K = 1.0). 
What is the difference in reservoir elevations for 20 cfs? 

f Pi/y + v\/2g + z, = p 2 /y + v i/2g + z 2 + h L h L = h f +h m h f = (f)(L/d)(v 2 /2g) 

v = Q/A = 20/[(n;)(ff) 2 /4] = 6.366 ft/s N R = dv/v = (f|)(6.366)/(1.05 x 10“ 5 ) = 1.21 x 10 6 

e/d = 0.00015/(ft) = 0.000075 

From Fig. A-5, / = 0.013. 

= 0.013[4860/(f|)]{6.366 2 /[(2)(32.2)]> = 19.88 ft 
h m = ( K)(v 2 /2g ) = [(3)(0.9) + 10 + 1.0 + 1.0]{6.366 2 /[(2)(32.2)]> = 9.25 ft 

h L = 19.88 + 9.25 = 29.13ft 0-I-0 + z, = 0 + 0 + z 2 + 29.13 z, - z 2 = 29.13ft 

9.249 For the conditions given in Prob. 9.248, determine the discharge if the difference in elevations is 40 ft. 

I From Prob. 9.248, 40 = h f + h m = (u 2 /f(2)(3 2.2)lH(f)f4860/(^)l + [(3)( 0.9) + 10 + 1.0 + 1.0]}, 
v = V2576/(2430/ + 14.7). Try/ = 0.013: v = V2576/[(2430)(0.013) + 14.7] = 7.46 ft/s, N R = dv/v = 
(fl)(7.46j/(1.05 x 10' 5 ) = 1.42 x 10 6 , e/d = 0.000075 (from P rob. 9.248). From Fig. A-5, 

/ = 0.0125. Try/ = 0.0125: v = V2576/[(2430)(0.0125) + 14.7] = 7.560 ft/s, N R = (f|)(7.560)/(1.05 x 10“ 5 ) = 
14.4 x 10 6 , / = 0.0125 (O.K.); Q = Av = [(nr)(^) 2 /4](7.560) = 23.8 ft 3 /s. 

9.250 What size commercial steel pipe is needed to convey 200 L/s of water at 20 °C a distance of 5000 m with a head 
drop of 4 m? The line connects two reservoirs, has a re-entrant (K = 1.0), a submerged outlet (K = 1.0), four 
standard elbows (K — 0.9), and a globe valve (K = 10). 

I P\lY + vl/2g + z i =p 2 /Y + vl/2g + z 2 + h L 0 + 0 + 4 = 0 + 0 + 0 + /ii. h L = h f +h m 

v = Q/A = (wss)/(xd 2 /4) = 0.2546/d 2 

h f = (f)(L/d)(v 2 /2g) = (/)(5000/d){(0.2546/ d 2 ) 2 /[(2)(9.807)]} = 16.52//d 5 
h m = (K)(v 2 /2g) = [1.0 + 1.0 + (4) (0.9) + 10] {(0.2546/d 2 ) 2 / [(2)(9.807)]} = 0.05156/d 4 

4 =16.52//d 5 +0.05156/d 4 

Try/ = 0.02: 4 = (16.52)(0.02)/d 5 + 0.05156/d 4 . By trial and error, d = 0.619 m. 

v = 0.2546/0.619 2 = 0.6645 m/s N R = dv/v = (0.619)(0.6645)/(1.02 X 10 6 ) = 4.03 X 10 5 

e/d = 0.000046/0.619 = 0.000074 

From Fig. A-5, / = 0.0145. Try / = 0.0145: 4 = (16.52)(0.0145)/d 5 + 0.05156/d 4 , d = 0.588 m, v = 

0.2546/0.588 2 = 0.7364 m/s, N R = (0.588)(0.7364)/(1.02 x 10" 6 ) = 4.25 x 10 5 , / = 0.0145. Therefore, 
d = 0.588 m, or 588 mm. 

9.251 Find the equivalent lengths of 167-mm-diameter pipe, / = 0.024, for (a) a re-entrant pipe entrance (K = 1.0), 
(6) a sudden expansion from 167 mm to 334 mm diameter, and (c) a globe valve and a standard tee? 

f L e = KD/f 

(a) L e = (1.0)(0.167)/0.024 = 6.94 m 

(b) K = [l- (DJD 2 ) 2 ] 2 = [1 - (i) 2 ] 2 = 0.5625 L e = (0.5625)(0.167)/0.024 = 3.91 m 

(c) K= 10+ 1.8 = 11.8 L, = (11.8)(0.167)/0.024 = 81.9 m 
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9.252 Find H in Fig. 9-48 for 200 gpm of oil (p = 1 cP, y = 60 lb/ft 3 ) for the angle valve wide open (K = 5.0). 

I pjy + v 2 /2g + z x = p 2 l Y + v\l2g + z 2 + h L h L = h f +h m h f = (f)(L/d)(v 2 /2g) 

Q = (200)(0.002228) = 0.4456 ft 3 /s v = Q/A = 0.4456/[(jr)(^) 2 /4] = 9.078 ft/s 

By Prob. 9.40, p = 0.0002089 lb • s/ft 2 ; N R = (y/g)(dv)/p = (60/32.2)®(9.078)/0.0002089 = 2.02 x 10 4 , 
eld = 0.00015/® = 0.000600. From Fig. A-5, / = 0.0275. 

h f = 0.0275[212/®]{9.078 2 /[(2)(32.2)]} = 29.84 ft 
h m = (K)(v 2 /2g) = [0.5 + 5.0 + 1.0]{9.078 2 /[(2)(32.2)]} = 8.32 ft 
/t L = 29.84+ 8.32 = 38.16 ft 0 + 0 + z, = 0 + 0 + Zj + 38.16 z, - z 2 = H = 38.16 ft 



Fig. 9-48 


9.253 Find K for the angle valve in Prob. 9.252 for a flow of 10 L/s at the same H. 

I v = QIA = f(T^o)/0.3048 3 ]/[(zr)(^) 2 /4] = 7.194 ft/s 

N r = pdv/p = (y/g)(dv)/p = (60/32.2)(-^)(7.194)/0.0002089 = 1.60 x 10 4 
e/d = 0.000600 (from Prob. 9.252) 

From Fig. A-5,/ = 0.0285. From Prob. 9.252, H = {(f)(L/d) + K t + K 2 + K,\(v 2 /2g), 38.16 = 
{(0.0285)[212/(£)] + 0.5 + K 2 + 1.0} (7.194 2 /[(2)(32.2)]}, K 2 = 21.8. 

9.254 Calculate the discharge through the system of Fig. 9-48 for water at 25 °C and H = 8 m. 

f pjy + v\!2g + z, =p 2 /y + v\/2g + z 2 + h L 

In British Engineering units, we have 

h f = (f)(L/d)(v 2 /2g) = (/)[212/(^)]{i//[(2)(32.2)]} = 13.17/u 2 

h m = ( K)(v 2 /2g) = (0.5 + 5.0 + 1.0){i> 2 /[(2)(32.2)]} = 0.1009u 2 h L = h f + h m = 13.17/u 2 + 0.1009u 2 

0 + 0 + 8/0.3048 = 0 + 0 + 0+ 13.17/u 2 + 0.1009u 2 v = V26.25/(13.17/ + 0.1009) 

Try / = 0.02: v = V26.25/[(13.17)(0.02) + 0.1009] = 8.489 ft/s, N R = dv/v = (^)(8.489)/(9.56 x 10" 6 ) = 

2.22 x 10 s , e/d = 0.00015/(n) = 0.000600. From Fig. A-5,/= 0.019. Try/ = 0.019: v = 

V26.25/[(13.17)(0.019) + 0.1009] = 8.646 ft/s, N R = (£)(8.677)/(9.56 x 10‘ 6 ) = 2.27 x 10 s , / = 0.019 
(O.K.); Q =Av = [(jt)(^) 2 /4](8.646) = 0.4244 ft 3 /s = (0.4244)(0.3048) 3 = 0.0120 m 3 /s, or 12.0 L/s. 

9.255 Find the discharge through the pipeline in Fig. 9-49 for H = 10 m, as shown. Use minor loss coefficients for the 
entrance, elbows, and globe valve of 0.5, 0.9 (each), and 10, respectively. 

I pJy + v 2 J2g +z l =p 2 /y + v 2 2 /2g + z 2 + h L 

h f = {f)(L/d)(v 2 /2g) =/[(30 + 12 + 60)/(^)]{u 2 /[(2)(9.807)]} = 34.67M 

h m = {K)(v 2 l2g) = [0.5 + (2)(0.9) + 10]{u 2 2 /[(2)(9.807)]} = 0.6271v 2 

h L = h f + h m = 34.67 fv\ + 0.6271u| 0 + 0 +10 = 0 + u|/[(2)(9.807)] + 0 + 34.67/u^ + 0.6271ul 

u = VlO/(34.67/ +0.6781) 

Try / = 0.02: v = Vl0/[(34.67)(0.02)+ 0.6781] = 2.700 m/s, N R = dv/v = (^)(2.700)/(1.02 x 10" 6 ) = 

3.97 x 10 s , e/d = 0.00026/®) = 0.00173. From Fig. A-5,/ = 0.023. Try/ = 0.023: v = 

Vl0/[(34.67)(0.023) + 0.6781] = 2.603 m/s, N R = ®)(2.603)/(1.02 x 10" 6 ) = 3.83 x 10 s , / = 0.023 
(O.K.); Q = Av = [(jt)®) 2 /4](2.603) = 0.0460 m 3 /s, or 46.0 L/s. 
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,, 77 _ 150-mm-diam clean cast iron pipe 
H= 10 m 5 

L Globe valve 
Standard elbows 

-- 60 m-—--*- 

Square - edged entrance Fig. 9-49 

9.256 Rework Prob. 9.255 to find H if Q = 60 L/s. 

f pJY + v]/2g+z,=p 2 /Y + v 2 2 /2g + z 2 + h L h L = h f +h m h f = (f)(L/d)(y 2 /2g) 

v = Q/A = (tooo)/[(jt)(io5o) 2 /4] = 3.395 m/s N R = dv/v = (t^)(3.395)/(1.02 x 10~ 6 ) = 4.99 x 10 s 

e/d — 0.00173 (from Prob. 9.255) 

From Fig. A-5,/ = 0.0225. 

h f = 0.0225[(30 +12 + 60)/(^)]{3.395 2 /[(2)(9.807)]} = 8.99 m 
h m = ( K )( v 2 / 2 g ) = [0.5 + (2)(0.9) +10] (3.395 2 /[(2)(9.807)]} = 7.23 m 


h L = 8.99 + 7.23 = 16.22 m 0 + 0 + z,=0 + 3.395 2 /[(2)(9.807)] + z 2 + 16.22 z, - z* = H « 16.81 m 

9.257 Assume that water at 10 °C is to be conveyed at 300 L/s through 500 m of commercial steel pipe with a total 
head drop of 6 m. Minor losses are I2v 2 /2g. Determine the required diameter. 

f N„ = R S /D ( 1 ) 

f = R 7 /[\n(RJD + R 2 /K 9 )f (2) 

x = R 6 + R 4 D/f (3) 

D = (R 0 )(x i7S + R,x 5 - 2 y >M (4) 


where R 0 = (0.66)(e 125 Q 95 ) 0 04 , R t = v/e 123 Q° \ R 2 = 5.74, R 3 = e/3.7, /? 4 = /C/g/i^ R s = 4Q/nv, R 6 = L/gh„ 
R 7 = 1.325, e = 0.000046 m, 0 = 300 L/s, or 0.300 m 3 /s, v = 1.30 x 10~ 6 m 2 /s. 

K = 12 hf = 6 mm R 0 = (0.66)(0.000046 ,25 0.300 95 ) OM = 0.25351 

= 1.30 x 10 -6 /(0.000046 125 0.300°') = 0.38707 R 3 = 0.000046/3.7 = 1.2432 x 10 5 

R 4 = 12/[(9.807)(6)] = 0.20394 R 5 = (4)(0.300)/[(jt)(1.30 x 10 6 )] = 2.9382 x 10 5 

R 6 = 500/[(9.807)(6)] = 8.4973 

Assume D = lm. Substituting into Eqs. (1), (2), (3), and (4), 

Nr = 2.9382 x 1071 = 2.9382 x 10 5 / = 1.325/{ln [(1.2432 x 10~ 5 )/1 + 5.74/(2.9382 x 10 5 ) 09 ]} 2 = 0.014938 

* = 8.4973 + (0.20394)(l)/0.014938 = 22.150 D = (0.25351)[22.150 4 75 + (0.38707)(22.150 s2 )] 0 04 = 0.47418 m 

Try D = 0.47418 m: N R = 2.9382 x 1070.47418 = 6.1964 x 10 5 , / = 1.325/{ln [(1.2432 x 10- 5 )/0.47418 + 
5.74/(6.1964 x 10 s ) 09 ]} 2 = 0.014086, jc = 8.4973 + (0.20394)(0.47418)/0.014086 = 15.363, D = 

(0.25351)[15.363 475 + (0.38707)(15.363 5 2 )]° 04 = 0.44063 m. Try D = 0.44063m: N R = 2.9382 x 1070.44063 = 
6.6682 x 10I s , / = 1.325/{ln [(1.2432 x 10” 5 )/0.44063 + 5.74/(6.6682 x 10 5 ) 09 ]} 2 = 0.014075, x = 8.4973 + 
(0.20394)(0.44063)/0.014075 = 14.882, D = (0.25351)[14.882 475 + (0.38707)(14.882 5 2 )] 004 = 0.43783 m. Try D = 
0.43783 m: N R = 2.9382 X 1070.43783 = 6.7108 x 10 5 , / = 1.325/{ln [(1.2432 X 10’ 5 )/0.43783 + 5.74/(6.7108 x 
10 5 ) 09 ]} 2 = 0.014074, x = 8.4973 + (0.20394)(0.43783)/0.014074 = 14.842, D = (0.25351)[14.842 475 + 

(0.38707)(14.842 5 2 )]° 04 = 0.43759 m. Therefore, D = 0.438 m, or 438 mm. 

9.258 One equation for determining the friction factor is 1/Vf= 0.869 In ( N R Vf) - 0.8. Compare the smooth pipe 

curve on the Moody diagram (Fig. A-5) with results from the equation above for values of Reynolds number of 
10 5 ,10 6 , and 10 7 . 

f For N r = 10 5 , from Fig. A-5,/ = 0.0178. From the equation, 1/Vf= 0.869{ln [(10 5 )(\//)]} - 0.8. By trial and 
error,/ = 0.0183. For N R = 10 6 , from Fig. A-5,/ = 0.0116. From the equation, l/Vf= 0.869{ln [(10 6 )(v7)]} - 
0.8. By trial and error, / = 0.0116. For N R = 10 7 , from Fig. A-5, / = 0.0082. From the equation, 
l/V/= 0.869{ln [(10 7 )(V/)]} - 0.8. By trial and error,/ = 0.00810. 
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9.259 An equation for determining the friction factor developed by Colebrook is l/\/f = -0.869 In [(e/D)/3J + 

2.523 /(N R Vf)]- Check the location of line e/D = 0.0002 on the Moody diagram (Fig. A-5) with the equation 
above for a Reynolds number of 10 5 . 

f From Fig. A-5,/ = 0.0190. From the equation, VVf= -0.869 In {0.0002/3.7 + 2.523/[(10 5 )(Vf)]}. By trial 
and error, / = 0.0192. 


9.260 Find the head loss in a pipeline consisting of 200 ft of 4-in steel pipe, a 90° bend on 24-in radius (K = 0.15), 4-in 
gate valve (fully open) (K = 0.20), 100 ft of 4-in steel pipe, expansion to 6 in with a 20° taper (K — 0.4), 300 ft of 
6-in steel pipe, abrupt contraction to 3-in diameter (K = 0.35), and 50 ft of 3-in steel pipe. The discharge rate is 
1.5 cfs. 

I h f « (f)(L/d)(v 2 /2g), h m = (K)(v 2 /2g). For 200 ft of 4-in pipe: v x = Q/A = 1.5/[(jr)(£) 2 /4] = 17.19 ft/s, 

N r = dv x /v = (d)(17.19)/(1.05 x 10~ 5 ) = 5.46 x 10 5 , eld = 0.00015/(£) = 0.00045. From Fig. A-5, / = 0.0175. 
h f =0.0175[200/(^)]{17.197[(2)(32.2)]} = 48.2 ft. 

For bend: h m = 0.15{17.19 2 /[(2)(32.2)]} = 0.7 ft. 

For gate valve: h m = 0.20{17.19 2 /[(2)(32.2)]} = 0.9 ft. 

For 100 ft of 4-in pipe: h, = 0.0175(100/(^)]{17.19 2 /[(2)(32.2)]} = 24.1 ft. 

For expansion: v 2 = 1.5/[(nr)(^) 2 /4] = 7.639 ft/s, h m = 0.4(17.19 - 7.639) 2 /[(2)(32.2)]} =0.6ft. 

For 300 ft of 6-in pipe: N R = (£)(7.639)/(1.05 x 10“ 5 ) = 3.64 x 10 s , e/d = 0.00015/(£) = 0.00030, / = 0.0170, 
h f = 0.0170(300/ (^)]{7.639 2 /[(2)(32.2)j) = 9.2 ft. 

For abrupt contraction: u 3 = 1.5/[(jr)(t|) 2 /4] = 30.56ft/s, h m = 0.35(30.56 2 /[(2)(32.2)]} = 5.1 ft. 

For 50 ft of 3-in pipe: N R = (ti)(30.56)/(1.05 x 10~ 5 ) = 7.28 x 10 5 , e/d = 0.00015/(^) = 0.00060, f = 0.0180, 
h f = 0.0180[50/(£)]{30.567[(2)(32.2)j} = 52.2ft, h L = 48.2 + 0.7 + 0.9 + 24.1 + 0.6 + 9.2 + 5.1 + 52.2 = 141.0ft. 

9.261 Using the Darcy-Weisbach formula, find the head loss in 1000 ft of 6-ft-diameter smooth concrete pipe carrying 
80 cfs of water at 50 °F. 

f h, = (f)(L/D)(v 2 /2g) v = Q/A = 80/[(jt)( 6) 2 /4] = 2.829 ft/s 

N r = Dv/v = (6)(2.829)/(1.40 x KT 5 ) = 1.21 x 10 6 e/D = 0.001/6 = 0.000167 
From Fig. A-5, / = 0.014. 

hf = (0.014)( i f a ){2.8297[(2)(32.2)]} = 0.290 ft 

9.262 Solve Prob. 9.261 using the Manning formula. 

I v = (1.486/n)(R) 2/3 (s) 1/2 = 2.829 ft/s (from Prob. 9.261) 

n =0.013 (from Table A-13) R = D/4 = | = 1.500 ft 
2.829 = (1.486/0.013)(1.500) 2/3 (s) 1/2 s = 0.0003567 h f = (0.0003567)(1000) = 0.357 ft 


9.263 Solve Prob. 9.261 using the Hazen-Williams formula. 

I v = 1.318GR 0 "s 0 54 = 2.829 ft/s (from Prob. 9.261) 

C = 120 (from Table A-14) R = 1.500ft (from Prob. 9.262) 

2.829 = (1.318)(120)(1.500)° 63 (s)° 54 s = 0.0003618 h f = (1000)(0.0003618) = 0.362 ft 

9.264 Using the Darcy-Weisbach formula, find the head loss in 100 ft of 3-ft-diameter welded steel pipe carrying 
15 cfs of water at 60 °F. 

I h t = (f)(L/D)(y 2 l2g) v = Q/A = 15/[(nr)(3) 2 /4] = 2.122 ft/s 

N„ = Dv/v = (3)(2.122)/(1.21 x 10“ 5 ) = 5.26 x 10 5 e/D = 0.00015/3 = 0.000050 
From Fig. A-5, / = 0.0135. h f = (0.0135)( 1 § a ){2.122 2 /[(2)(32.2)]} = 0.031 ft. 
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Solve Prob. 9.264 using the Manning formula with n = 0.012. 

I v = (1.486/n)(f?) 2/3 (i) 1/2 = 2.122 ft/s (from Prob. 9.264) 

R = D/4 = f = 0.7500 ft 2.122 = (1.486/0.012)(0.7500) 2/3 (s) 1/2 s = 0.0004309 

h f = (0.0004309)(100) = 0.043 ft 

Solve Prob. 9.264 using the Hazen-Williams formula with C = 120. 

I v = 1.318C/?° ®s° 54 = 2.122 ft/s (from Prob. 9.264) 

R = 0.7500 ft (from Prob. 9.265) 

2.122 = (1.318) (120) (0.7500)°' 63 (s ) 054 r = 0.0004769 h, = (100) (0.0004769) = 0.048 ft 

A 36-in-diameter concrete pipe is 4000 ft long and has a head loss of 12.7 ft. Find the discharge capacity of water 
for this pipe by the Hazen-Williams formula 

I v = 1.318Cfl° 63 s° 54 = (1.318)(120)[(ff)/4]°' 63 (12.7/4000)°' 54 = 5.906 ft/s 

Q = Av = [(rr)(S)74](5.906) = 41.7 ft 3 /s 

Solve Prob. 9.267 using the Manning formula. 

I v = (1.486//x)(f?) 2/3 (s) l/2 = (1.486/0.013 )[(t|)/ 4] 2/3 (1 2.7/4(KM)) l/2 = 5.317 ft/s 

Q=Av = [(jr)(ff) 2 /4](5.317) = 37.6 ft 3 /s 

A 1-m-diameter new cast iron pipe is 845 m long and has a head loss of 1.11 m. Find the discharge capacity of 
water for this pipe by the Hazen-Williams formula. 

I v = 0.8492CK O63 j° 54 = (0.8492)(130)(J) o ' 63 (l.11/845)° 54 = 1.281 m/s 

Q =Av = [(jt)( 1) 2 /4](1.281) = 1.01 m 3 /s 

Solve Prob. 9.269 using the Manning formula. 

f v = (1.0/n)(/?) 2/3 (s) 1/2 = (1.0/0.013)(i) 2/3 (l.ll/845) I/2 = 1.106 m/s 

Q = Av = [0r)(l)74](l. 106) = 0.869 m 3 /s 

A riveted steel pipe must transport 2.4 ft 3 /s of water a distance of 190 ft with a head loss of 2.7 ft. Find the 
necessary pipe diameter using the Hazen-Williams formula. 

I v = 1.318C7? 0 6 V 54 = Q/A = 2.4/(nrD 2 /4) = 3.056 /D 2 

3.056/D 2 = (1.318)(110)(D/4) O63 (2.7/190)° 54 D= 0.7695 ft or 9.23 in 

A square concrete conduit must transport 4.0 m 3 /s of water a distance of 45 m with a head loss of 1.80 m. Find 
the necessary conduit size using the Hazen-Williams formula. 

f v — 0.8492C7? o 63 s° 54 . Let a = length of conduit side, v = Q/A = 4.0/a 2 , 4.0/a 2 = 

(0.8492)(120)(a 2 /4a) o 63 (1.80/45)° 54 , a = 0.788 m. 

Solve Prob. 9.267 using the Hazen-Williams pipe diagram. 

f Let hi = unit head loss, hi = 12.7/4000 = 0.003175. From Fig. A-13 with hj = 0.003175 and D = 3 ft, or 36 in 
Q = 41.5 ft 3 /s. 

Solve Prob. 9.269 using the Hazen-Williams pipe diagram. 

# hi = 1.11/845 = 0.001314. From Fig. A-14 with hi = 0.001314 and D = 1 m, or 1000 mm, Q =0.91 m 3 /s. This 
value of Q is for C = 120 (since the pipe diagram is for C = 120). Inasmuch as C = 130 for new cast iron (Table 
A-14), this value of Q must be adjusted. Since Q varies directly with C, 0.91/(<2) c _ 13O = |§§, (Q)c~ 130 — 

0.99 m 3 /s. 


9.275 Water is flowing in a 500-mm-diameter new cast iron pipe at a velocity of 2.0 m/s. Using the Hazen-Williams 
pipe diagram, find the pipe friction loss per 100 m of pipe. 
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I C = 130 for new cast iron pipe. In order to use the pipe diagram (Fig. A-14) for which C = 120, the given 
velocity must be adjusted for a value of C of 120. Since velocity varies directly with C, 2.0/(u) c=12O = its, 

(u) c =i 2 o = 1-85 m/s. From Fig. A-14 with v = 1.85 m/s and D - 500 mm, h x = 0.0067 m/m, or 0.67 m per 100 m. 
p — yh — (9.79)(0.67) = 6.6 kPa per 100 m. 

9.276 A new cast iron pipe must carry 30 cfs of water at a head loss of 19.0 ft per mile of pipe length. Find the 
required pipe diameter using the Hazen-Williams pipe diagram. 

I h x = 19.0/5280 = 0.003598. C = 130 for new cast iron pipe. In order to use the pipe diagram (Fig. A-13) for 
which C = 120, the given discharge must be adjusted for a value of C of 120. Since discharge varies directly with 
C, 30/(£?)c-i2o = {IS, (<2)c=i2o = 27.7 cfs. With Q = 27.7 cfs and h x = 0.003598, a pipe diameter of 30 in is 
determined from Fig. A-13. 

9.277 Solve Prob. 9.270 using the Manning pipe diagram with n = 0.012. 

f hi = 1.11/845 = 0.001314. With D = 1 m, or 1000 mm, and h x = 0.001314, a discharge of 0.88 m 3 /s is 
determined from Fig. A-16. Inasmuch as Fig. A-16 is for n = 0.013 and n is 0.012 in this problem, this discharge 
must be adjusted. Since discharge varies inversely with n, 0.88/(O)„-o.oi2 = 0.012/0.013, (0)»=o .012 = 0.95 m 3 /s. 


9.278 A concrete pipe must carry 80 cfs of water at a head loss of 1.5 ft per 100 ft of pipe length. Find the required 
pipe diameter using the Manning pipe diagram. 

f hi = 1.5/100 = 0.015. With Q = 80 cfs and h x = 0.015, a pipe diameter of about 36 in is determined from 
Fig. A-15. 

9.279 Solve Prob. 9.278 for the same given conditions except that the pipe has an n value of 0.015. 

I hi = 0.015 (from Prob. 9.278) 

The Manning pipe diagram (Fig. A-15) is for a value of n of 0.013. The given discharge (80 cfs) is for a value of 
n of 0.015. In order to use Fig. A-15, the given discharge must be adjusted for a value of n of 0.013. Since 
discharge varies inversely with n, 80/(g)„ =0 013 = 0.013/0.015, (G)„= 0 .oi 3 = 92.3 cfs. With Q = 92.3 cfs and 
h 1 = 0.015, a pipe diameter of about 38 in is determined from Fig. A-15. 


9.280 


A capillary tube of inside diameter 6 mm connects tank A and open container B, as shown in Fig. 9-50. The 

liquid in A, B, and capillary CD is water having a specific weight of 9780 N/m 3 and a viscosity of 

0.0008 kg/(m • s). The pressure p A = 34.5 kPa gage. Which direction will the water flow? What is the flow rate? 


f Assume laminar flow from B to A. 


Pb v 2 b p A vi 

- + ^+Za = — + ^ + Z A + h L 

y 2 g y 2 g 


128j uLQ (128)(0.0008)(4.3)(Q) 
*ryD 4 “ (2r)(9780)(igbo) 4 


= 11 058Q 


0 + 0 + (1.4 + 4.3 sin 45°) = 34.5/9.79 + 0+1 + 110580 
Q = -7.55 x 10 -6 m 3 /s or -7.55 x 10" 3 L/s 


Since Q is negative, the flow must be from A to B. Check for laminar flow: v = Q/A = (7.55 x 
10 _6 )/[(jr)(igbo) 2 /4] = 0.2670 m/s, N R = pDv/p = (9780/9.807)(^o)(0.2670)/0.0008 = 1997 (laminar). 
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9.281 An equivalent length of pipe is one whose head loss for the same value of flow is equal to that of some other 
system of different geometry for which it is equivalent. Consider a steel pipe of inside diameter 10.02 in having 
in it an open globe valve (K = 4.8) and four screwed 90° elbows (K - 0.42 each). The length of the pipe is 
100 ft, and 5 ft 3 /s of water at 60 °F flows through the pipe. What is the equivalent length of pipe with inside 
diameter 13.00 in? 

f For the given pipe: h L = h f + h m , h f = (f)(L/d)(v 2 /2g), v = Q/A = 5/[(jt)( 10.02/12) 2 /4] = 9.131 ft/s, 

N r = dV/v = (10.02/12)(9.131)/(1.21 x 10“ 5 ) = 6.30 x 10 s , e/d = 0.00015/(10.02/12) = 0.00018. From 
Fig. A-5, f = 0.015. h f = 0.015[100/(10.02/12)]{9.131 2 /[(2)(32.2)]} = 2.33 ft, h m = (K)(v 2 /2g) = [4.8 + 
(4)(0.42)]{9.13l7[(2)(32.2)]} = 8.39 ft, h L = 2.33 + 8.39= 10.72 ft. 

For the equivalent pipe: v = 5/[(tt)( 13.00/12)74] = 5.424 ft/s, N R = (13.00/12)(5.424)/(1.21 x 10“ 5 ) = 4.86 x 
10 5 , e/d = 0.00015/(13.00/12) = 0.000138, / = 0.015, 10.72 = 0.015[L,/(13.00/12)]{5.4247[(2)(32.2)]}, L e = 
1695 ft. 

9.282 A 100-ft-long duct transports air at 50 °F (assumed constant) at the rate of 8000 ft 3 /min. The duct is made of 
galvanized iron and has a cross section of 2 ft by 1 ft. Find the outlet pressure, if the inlet pressure is 16.7 psia. 

f Assume incompressible, isothermal, fully turbulent flow. 

pjy + V 2 J2g + z,= p 2 /y + v\/2g + z 2 + h L h L = h f = ( f)(L/d)(v 2 /2g) N R = pdv/p 

P = p/RT = (16.7)(144)/[(1716)(460 + 50)] = 0.002748 slug/ft 3 y = pg = (0.002748)(32.2) = 0.08849 lb/ft 3 

d = D„ = 4 A/p w = 4[(2)(l)]/[(2)(2 + 1)] = 1.333 ft v = Q/A = (*S B )/[(2)(1)] = 66.67 ft/s 

N r = (0.002748)(1.333)(66.67)/(3.68 x 10 7 ) = 6.64 x 10 s (O.K.) e/d = 0.0005/1.333 = 0.000375 

From Fig. A-5, / = 0.0165. 

h L = (0.0165)(100/1.333) (66.67 2 /[(2)(32.2)]) = 85.43 ft 
p,/0.08849 + u?/2 g + 0 = p 2 /0.08849 + v\/2g + 85.43 
v 2 /2g = v\/2g Pi~p 2 = 7.56lb/ft 2 p 2 = 16.7-7.56 = 9.1 psia 

9.283 In a heating system, there is a run of insulated duct of 50 m carrying air at a temperature of 35 °C at a pressure 
at the inlet of 100 kPa. The duct has a rectangular cross section of 650 mm by 320 mm. If there is a pressure 
drop from inlet to outlet of 5 mm of mercury, what is the volumetric flow? For such a small pressure drop in the 
duct, treat the flow as incompressible. Take R = 287 J/(kg • K). The duct is galvanized iron. Consider that the 
flow is entirely turbulent. 

f pJy + v 2 J2g + Zi =p 2 /y + vl/2g + z 2 + h L h L = h f = (f)(L/d)(v 2 /2g) N R = pdv/p 

p = p/RT = (100)(1000)/[(287)(273 + 35)] = 1.131 kg/m 3 y = pg = (1.131)(9.807) = 11.09 N/m 3 
d = D h = 4 A/p w = 4[(3&)(*)]/[(2)(3& + 3ft)] = 0.4289 m h L = (/)(50/0.4289){u 2 /[(2)(9.807)]} = 5.944/w 2 

Pi ~p 2 = idso[(13-6)(9.79)] = 0.6657 kPa or 665.7 Pa pJy-p 2 /y + v 2 /2g + z t = vl/2g + z 2 + h L 

v\/2g = vl/2g 665.7/11.09 + 0 = 0 + 5.944/i) 2 u = 3.178/Vf 

Try / = 0.016: v = 3.178/V0.016 = 25.12 m/s, N R = (1.131)(0.4289)(25.12)/(1.88 x 10~ 5 ) = 6.48 X 10 5 , e/d = 
0.00015/0.4289 = 0.000350. From Fig. A-5, / = 0.0165. Try / = 0.0165: v = 3.178/V0.0165 = 24.74 m/s, 

N r = (1.131)(0.4289)(24.74)/(1.88 x 10 -5 ) = 6.38 x 10 5 , / = 0.0165 (O.K.); Q=Av = [(to5s)(ibs 5)](24.74) = 
5.15 m 3 /s. 

9.284 Water, at 60 °F flows through a smooth pipe of 12 in diameter at 9 ft 3 /s. Estimate the shear stress at the wall and 
the thickness of the viscous sublayer. 

I v = Q/A = 9/[(jr)(tf) 2 /4] = 11.46 ft/s 

To = 0.03325pu 2 ( v/Rv) 1 ' 4 = (0.03325)(1.94)(11.46) 2 {(1.21 X 10“ 5 )/[(^)(11.46)]} ,/4 = 0.323 lb/ft 2 
d t = 5v/v t = SvVpNo = (5)(1.21 X 10 -5 ) Vl.94/0.323 = 0.000148 ft or 0.00178 in 
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9.285 Solve Prob. 9.284 if the shear stress is given by t 0 = (f/4)(pv 2 /2). 

I N r = dv/v = (tI)(11.46)/(1.21 x 10 5 ) = 9.47 x 10 5 

From Fig. A-5,/= 0.0118. 

t 0 = (0.0118/4)[(1.94)(11.46) 2 /2] = 0.376 lb/ft 2 
5, = 5v/t>, = 5 v Vp/to = (5)(1.21 x 10" 5 )Vl. 94/0.376 = 0.0001374 ft or 0.00165in 


9.286 What head H is needed in Fig. 9-51 to produce a discharge of 0.3 m 3 /s? Use minor loss coefficients of 0.5 for the 
entrance and 0.12 for the diffusers. 

f p A /Y + v 2 J2g + z A =p B /Y + v 2 B l2g + z B + h L h L = h f +h m h, = (f)(L/d)(v 2 /2g) N R = dv/(p/p) 

v , = 2/A, = 0.3/[(jt)( 0. 210)74] = 9.549 m/s (N R \ = (0.210)(9.549)/[(0.04)(0.1)/1000] = 5.01 x 10 s 

From Fig. A-5 ,/, = 0.013. 

v 2 = QIA 2 = 0.3/[(jr)(0.305) 2 /4] = 4.244 m/s (N R ) 2 = (0.305)(4.244)/[(0.04)(0.1)/1000] = 3.24 x 10 s 

f 2 = 0.014 h f = 0.013[30/(0.210)]{9.549 2 /[(2)(9.907)]} + 0.014[60/(0.305)]{4.244 2 /[(2)(9.907)]} = 11.64 m 

For entrance: h m = (K)(v 2 /2g), (h m ) x = 0.5{9.549 2 /[(2)(9.907)]} = 2.32 m. 

For first diffuser: h m = (K)(v, - v 2 ) 2 /2g, (h m ) 2 = (0.12)(9.549 - 4.244) 2 /[(2)(9.807)] = 0.17 m. 

For second diffuser: v 3 = Q/A 3 = 0.3/[(yr)(0.450) 2 /4] = 1.886 m/s, (h m ) 3 = (0.12)(4.244 - 1.886) 2 /[(2)(9.807)] = 
0.03 m. 

For exit: (h m ) 4 = 1.0{1.886 2 /[(2)(9.807)]} = 0.18 m, 

H = h L = 11.64 + 2.32 + 0.17 + 0.03 + 0.18 = 14.34 m. 


9.287 



Fig. 9-51 


Calculate the discharge through the siphon of Fig. 9-52 (H = 4 ft) without the conical diffuser. Use minor loss 
coefficients of 1.0 for both the entrance and exit, and 0.9 for each elbow. 


I p A /Y + v A /2g + z A =p B /Y + v 2 B /2g + z B + h L 

h f = (f)(L/d)(v 2 /2g) =/[( 10 + 18 + 12)/(£)]{v 7[(2)(32.2)]} = 0.9317/u 2 
h m = ( K)(v 2 /2g ) = [(1.0 + (2)(0.9) + 1.0]{u 2 /[(2)(32.2)]} = 0.05901v 2 h L = h f + h m = 0.9317/u 2 + 0.05901v 2 
0 + 0 + 4 = 0 + 0 + 0 + 0.9317/n 2 + 0.05901u 2 v = V4/(0.9317/ + 0.05901) 

Try / = 0.016: v = V4/[(0.9317)(0.016) + 0.05901] = 7.356ft/s, N R = dv/v = (&)(7.356)/(1.21 x 10" 5 ) = 

4.05 X 10 5 , eld = 0.00015/(^) = 0.000225. From Fig. A-5,/ = 0.016 (O.K.). Q = Av = [(jr)(£) 2 /4](7.356) = 
2.57 ft 3 /s. 
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9.288 Calculate the discharge in the siphon of Fig. 9-52 for H = 8 ft and with diffuser included. Use minor loss 
coefficients of 1.0 for both the entrance and exit, 0.9 for each elbow, and 0.15 for the diffuser. 

I pJY + v\l2g+z A =p B ly + v 2 B l2g+z B + h L (1) 

h L = h f + h m h f = (J)(L/d)(v 2 /2g) =/[(10 + 18 + 12)/(£)]{uf/[(2)(32.2)]} = 0.9317 fv 2 

h m = (K)(v 2 /2g) for entrance, exit, and elbows. h m = (K)(v, - v 2 ) 2 /2g for diffuser. 

A.v, = A 2 v 2 [(zr)(£) 2 /4](u,) = {(^r)[(1.5)(n)] 2 /4}(u 2 ) t> 2 = 0.4444u, 

h m = [1.0 + (2)(0.9)]{u?/[(2)(32.2)]} + 0.15( V] - 0.4444u,)7[(2)(32.2)] 

+ 1.0{(0.4444u 1 )7[(2)(32.2)]} = 0.04726u 2 
h L = 0.9317/u 2 + 0.04726U? 0 + 0 + 8 = 0 + 0 + 0 + 0.9317 fv 2 + 0.04726v 2 

v = V8/(0.9317 f + 0.04726) 

Try / = 0.015: v = V8/[(0.9317)(0.015) + 0.04726] = 11.43 ft/s, N R = dv/v = (£)(11.43)/(1.21 x 10” 5 ) = 

6. 30 x 10 s , e/d = 0.00015/(fe) = 0.000225. From Fig. A-5,/ = 0.0155. Try / = 0.0155: v - 
V8/[(0.9317)(0.0155) + 0.04726] = 11.39ft/s, N R = (£)(11.39)/(1.21 x lO' 5 ) = 6.28 x 10 5 , 

/ = 0.0155 (O.K.); Q = Av = [(yr)(^) 2 /4](11.39) = 3.98ft 3 /s. 

9 J89 Find the discharge through the siphon of Fig. 9-53, as well as the minimum pressure in the system. Use minor 

loss coefficients of 1.0 for the entrance, 0.1 for the nozzle, and 2.2 for the bend. 

f Let v = velocity of water in the pipe and v 2 = velocity through the nozzle. Since velocity varies with the 
square of diameter, v 2 = 4v. 

Pily + v\!2g + z, -p 2 /y + v\!2g + z 2 + h L (1) 

h f = (f)(L/d)(v 2 /2g) =/[( 6 + 1.8 + 3.6)/0.100]{i//[(2)(9.807)]} = 5.812 fv 2 

h m = {K){v 2 l2g) = (1.0 + 2.2){t/7[(2)(9.807)]} + (0.1) {w|/[(2)(9.807)]} 

= (1.0 + 2.2){v 2 /[(2)(9.807)]} + (0.1){(4u) 2 /[(2)(9.807)]} = 0.2447u 2 

h L = h f +h m = 5.812/u 2 + 0.2447u 2 0 + 0 + (6 - 1.8) = 0 + (4v) 2 /[(2)(9.807)] 

+ (6 - 1.8 - 3.6) + 5.812/t- 2 + 0.2447u 2 v = V3.6/(5.812/ + 1.060) 

Try/ = 0-03: v = VT6/[(5.812)(0.03) + 1.060] = 1.708 m/ s, N R = pdv/p = [(0.81)( 1000 )1(0.100)(1.708)/0.01 = 
1.38 x 10 4 . From Fig. A-5, / = 0.028. Try/ = 0.028: v = V3.6/[(5.812)(0.028) + 1.060] = 1.716 m/s, N R = 
[(0.81)(1000)](0.100)(1.716)/0.01 = 1.38 x 10 4 , / = 0.028 (O.K.); Q=Av = [(zr)(0.100) 2 /4](1.716) = 

0.0135 m 3 /s, or 13.5 L/s. 

Minimum pressure would occur at point 3. Apply Eq. ( 1) between points 1 and 3: h f = 

0.028[6/0.100]{1.716 2 /[(2)(9.807)]} = 0.2522 m, h m = (1.0 + 2.2){1.716 2 /[(2)(9.807)]} = 0.4804 m, h L = 

0.2522 + 0.4804 = 0.7326 m, 0 + 0 + 0 = p 3 /[(0.81)(9.79)] + 1.716 2 /[(2)(9.807)] + 1.8 + 0.7326, p ; = -21.3 kPa. 



Fig. 9-53 


50 mm diam nozzle 
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9.290 With reference to Fig. 9-54, what is the maximum height of point A for no cavitation? Barometer reading is 
29.5 in of mercury. Use minor loss coefficients of 1.0 for both entrance and exit, and 4.5 for the globe valve. 

f First calculate the flow velocity v. 

Pi/y + vi/2g + z, = p z /y + v\/2g +z 2 + h L ( 1 ) 


h f = (f)(L/d)(v 2 /2g) =/[(100 + 70 + 105)/(£)]{i> 2 /[(2)(32.2)]} = 6.405/v 2 
h m = (K)(v 2 /2g) = (1.0 + 4.5 + 1.0){v7[(2)(32.2)]} = 0.1009u 2 


h L = h f + h m = 6.405 fv 2 + 0.1009u 2 0 + 0+ 12 = 0 + 0 + 0 + 6.405/u 2 + 0.1009u 2 

v = Vl2/(6.405/ + 0.1009) 


Try/ = 0.013: v = Vl2/[(6.405)(0.013) + 0.1009] = 8.072 ft/s, N R = dv/v = (£)(8.072)/(1. 21 x 10 5 ) = 
4.45x10 s . From Fig. A-5,/= 0.0135. Try / = 0.0135: v = Vl2/[(6.405)(0.0135) + 0.1009] = 8.003 ft/s, 

N R = (n)(8-003)/(1.21 x 10 _s ) = 4.41 x 10 s , / = 0.0135 (O.K.). Now, to find the maximum height of point A, 
apply Eq. (1) between points 1 and A: h f = 0.0135[100/(^)]{8.003 2 /[(2)(32.2)]} = 2.014 ft, h m =0, h L — 

2.014 + 0 = 2.014 ft. From Table A-l, p v = 36.5 lb/ft 2 . p Mm = [(13.6)(62.4)](29.5/12) = 2086.2 lb/ft 2 . At 
cavitation, p = (2086.2 - 36.5)/62.4 = 32.85 ft (vacuum), or -32.85 ft, 0 + 0 + 0 = -32.85 + 0.995 + z A + 2.014, 
z A = 29.8 ft. (z A is the height of point A above the water surface in the left reservoir.) 



9.291 What diameter smooth pipe is required to convey 8 L/s of kerosene (v = 1.93 x 10 6 m 2 /s) at 32 °C, 150 m with 
a head of 5 m? There are a valve and other minor losses with total K of 7.6. 

I pi/y + v\/2g + Zj =p z /Y + v\/2g + z 2 + h L v = Q/A = (t®o)/(^£>74) = 0.01019/D 2 

h f = (f)(L/d)(v 2 /2g) = (/)(150/D){(0.01019/£» 2 ) 2 /[(2)(9.807)]} = 0.0007941//Z? 5 
h m = (K)(v 2 /2g) = 7.6{(0.01019/D 2 ) 2 /[(2)(9.807)]} = 0.00004023/D 4 
h L = h f +h m = 0.0007941 f/D 5 + 0.00004023/D 4 pjy + Zj -p 2 /y - z 2 = 5 

vi/2g = vl/2g 5 = 0.0007941 f/D 5 + 0.00004023/D 4 

Try/ = 0.02: 5 = (0.0007941)(0.02)/D S + 0.00004023/D 4 . By trial and error, D = 0.0826 m. N R = Dv/v = 
(0.0826)(0.01019/0.0826 2 )/(1.93 X 10~ 6 ) = 6.39 x 10 4 . From Fig. A-5, / = 0.0195. Try / = 0.0195: 5 = 
(0.0007941)(0.0195)/D S + 0.00004023/D 4 , D = 0.0822 m, N R = (0.0822)(0.01019/0.0822 2 )/(1.93 x 10“ 6 ) = 

6.42 x 10 4 , / = 0.0195. Therefore, D = 0.0822 m, or 82.2 mm. 


9.292 Find the value of the Hazen-Williams coefficient for the water flow in Prob. 9.130. 

f v = 1.318CK 0 ®s° 54 = Q/A = 3.2/[(;r)(ff)74] = 1.0186 ft/s 

1.0186 = (1.318)(C)[(H)/4] O63 (0.0003/1)° 54 C = 95.5 

9.293 Find the value of the Hazen-Williams coefficient for the case where water flows at 0.20 m 3 /s in a 1-m-diameter 
pipeline with a head loss of 0.0012 m/m. 

I i; = 0.84920?° 63 s° 54 = Q/A = 0.20/[(^)(l) 2 /4] = 0.2546 m/s 

0.2546 = (0.8492)(C)[l/4]° 63 (0.0012)° 54 C = 27.1 

9.294 Manning’s n equals 0.0132 when water at 50 °F flows at a Reynolds number of 1.10 x 10 7 through a tunnel that is 
16 ft in diameter. Determine the average value of e. 
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Equating s and hJL gives 


( »« \ 2 _// 


r 0.0132U ] 2 / J 

v 2 ] 

V1.486« 2/3 / \d, 


L(i.486)(t) 2/3 J \i< 

5/1(2X32.2)/ 


From Fig. A-5 with / = 0.0128 and N R = 1.10 x 10 7 , e/d = 0.00015; e = (16)(0.00015) = 0.00240 ft, or 0.0288 in. 


9.295 Prepare a computer program that will determine for a single pipe with constant diameter either the flow rate or 
the required conduit diameter for closed conduit, incompressible flow. The program must be usable for 
problems in both the USCS and the SI. 
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THIS PROGRAM DETERMINES THE FLOW RATE OR THE REQUIRED CONDUIT 
DIAMETER FOR CLOSED CONDUIT, INCOMPRESSIBLE FLOW. IT CAN BE USED 
FOR PROBLEMS IN BOTH THE ENGLISH SYSTEM OF UNITS AND THE INTER¬ 
NATIONAL SYSTEM OF UNITS. THE APPLICATION OF THE PROGRAM IS 
LIMITED TO CASES INVOLVING A SINGLE PIPE WITH CONSTANT DIAMETER. 

THIS PROGRAM IS BASED ON THE SOLUTION OF THE BERNOULLI EQUATION; 
ACCORDINGLY, CERTAIN DATA MUST BE ENTERED FOR EACH OF TWO POINTS 
IN A PIPE SYSTEM. HOWEVER, BOTH THE VELOCITY AT POINT 1 AND THE 
VELOCITY AT POINT 2 ARE NOT CONSIDERED AS KNOWN VALUES INITIALLY. 
IF EITHER VALUE OF VELOCITY IS ESSENTIALLY ZERO (SUCH AS AT A 
RESERVOIR OR TANK SURFACE), ENTER 0 (ZERO) FOR THAT VELOCITY (OR 
FOR BOTH VELOCITIES IF BOTH ARE ESSENTIALLY ZERO). OTHERWISE, 
ENTER 1.0 FOR ALL OTHER VELOCITIES. 

INPUT DATA MUST BE SET UP AS FOLLOWS. 

CARD 1 COLUMN 1 ENTER 0 (ZERO) OR BLANK IF ENGLISH SYSTEM 

OF UNITS IS TO BE USED. ENTER 1 (ONE) 

IF INTERNATIONAL SYSTEM OF UNITS IS TO 
BE USED. 

COLUMNS 2-79 ENTER TITLE, DATE, AND OTHER INFORMATION, 
IF DESIRED. 

CARD 2 COLUMNS 1-10 ENTER NUMBER INCLUDING DECIMAL GIVING 

GAUGE PRESSURE AT POINT 1 (IN POUNDS 
PER SQUARE INCH OR KILOPASCALS) . 

COLUMNS 11-20 ENTER NUMBER INCLUDING DECIMAL GIVING 
GAUGE PRESSURE AT POINT 2 (IN POUNDS 
PER SQUARE INCH OR KILOPASCALS) . 

COLUMNS 21-30 ENTER 0 (ZERO) OR BLANK IF VELOCITY AT 
POINT 1 IS ESSENTIALLY ZERO; OTHERWISE, 
ENTER 1.0. 

COLUMNS 31-40 ENTER 0 (ZERO) OR BLANK IF VELOCITY AT 
POINT 2 IS ESSENTIALLY ZERO; OTHERWISE, 
ENTER 1.0. 

COLUMNS 41-50 ENTER NUMBER INCLUDING DECIMAL GIVING 

ELEVATION AT POINT 1 (IN FEET OR METERS). 

COLUMNS 51-60 ENTER NUMBER INCLUDING DECIMAL GIVING 

ELEVATION AT POINT 2 (IN FEET OR METERS) . 

COLUMNS 61-70 ENTER NUMBER INCLUDING DECIMAL GIVING 
ACTUAL ENERGY ADDED (IN HORSEPOWER OR 
KILOWATTS) . 

COLUMNS 71-80 ENTER NUMBER INCLUDING DECIMAL GIVING 

ACTUAL ENERGY REMOVED (IN HORSEPOWER OR 
KILOWATTS). 

CARD 3 COLUMNS 1-10 ENTER NUMBER INCLUDING DECIMAL GIVING 

TOTAL "MINOR LOSSES" (IN FEET OR METERS). 

COLUMNS 11-20 ENTER NUMBER INCLUDING DECIMAL GIVING 
DIAMETER OF CONDUIT (IN INCHES OR 
MILLIMETERS) . 

COLUMNS 21-30 ENTER NUMBER INCLUDING DECIMAL GIVING 
LENGTH OF CONDUIT (IN FEET OR METERS). 


C 

C 

C 

C 

C 

C 

c 

c 


COLUMNS 31-40 ENTER NUMBER INCLUDING DECIMAL GIVING 

KINEMATIC VISCOSITY OF FLUID (IN SQUARE 
FEET PER SECOND OR SQUARE METERS PER 
SECOND). 

COLUMNS 41-50 ENTER NUMBER INCLUDING DECIMAL GIVING 
ROUGHNESS OF CONDUIT MATERIAL (IN FEET 
OR METERS) . ENTER A VALUE OF 0 (ZERO) 
FOR "SMOOTH" CONDUITS. 
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c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


COLUMNS 51-60 


CARD 4 


COLUMNS 61-70 

COLUMNS 1-24 
COLUMNS 25-48 


ENTER NUMBER INCLUDING DECIMAL GIVING 
SPECIFIC (OR UNIT) WEIGHT OF FLUID (IN 
POUNDS PER CUBIC FOOT OR KILO- 
NEWTONS PER CUBIC METER) . 

ENTER NUMBER INCLUDING DECIMAL GIVING 
FLOW RATE OF FLUID (IN CUBIC FEET PER 
SECOND OR CUBIC METERS PER SECOND) . 
ENTER TYPE OF FLUID 
ENTER TYPE OF CONDUIT. 


********************************************************************** 

* 

* 

* NOTE WELL.... EITHER THE FLOW RATE (COLUMNS 61-70) OR THE 

* CONDUIT DIAMETER (COLUMNS 11-20), WHICHEVER ONE IS TO BE DETER- * 

* MINED BY THIS PROGRAM, SHOULD BE LEFT BLANK ON CARD 3. ' 

* 

it********************************************************************* 


MULTIPLE DATA SETS FOR SOLVING ANY NUMBER OF PROBLEMS MAY BE 
INCLUDED FOR PROCESSING. 


REAL L 

DIMENSION TITLE(13),FLUID(4),PIPE(4) 


INTEGER UNITS 
COMMON F,ED,RN 
PI=3.14159265 

1 READ(5,100,END=2)UNITS,TITLE 

FACTOR*12.0 

IF (UNITS. EQ. 1)FACTOR* 1000.0 

100 FORMAT (11,13A6) 

WRITE (6,101) TITLE 

101 FORMAT('1',13A6,////) 

READ(5,102)P1,P2,V1,V2,Z1,Z2,HA,HR,HM,D,L,VIS,E,SW,Q,FLUID, PIPE 

102 FORMAT(8F10.0/7F10.0/8A6) 

P1 SW=P 1 /SW ‘FACTOR* * 2 

IF(UNITS.EQ.1)P1SW=P1/SW 
G=32.2 

IF(UNITS.EQ.1)G=9.807 
P2SW=P2/SW*FACTOR**2 
IF(UNITS. EQ.1)P2SW=P2/SW 
FF=0.02 

IF(Q.GT.0.0001)GO TO 117 
IF(VI.GT.0.0001)Vl=l.0/2.0/G 
IF (V2 .GT.0.0001)V2*l.0/2.0/G 
105 HF=FF*L/D*FACTOR/2.0/G 
HAT=550.*HA/SW 


IF (UNITS. EQ. 1) HAT=HA/SW 
HRT=550.*HR/SW 
IF (UNITS. EQ. 1)HRT=HR/SW 
Q*0.001 

VTRY*(Q/(PI*(D/FACTOR)**2/4.0))**2 

TRY1=P1SW+VTRY*V1+Z1+HAT/Q-HRT/Q-(P2SW+VTRY*V2 + Z2+HF*VTRY) 

116 Q=Q+0.001 

VTRY*(Q/(PI*(D/FACTOR)**2/4.0))**2 

TRY2*P1SW+VTRY*V1+Z1+HAT/Q-HRT/Q-( P2SW+ VTRY*V2+ Z2+HF*VTRY) 
IF(TRY1*TRY2 >114,114,115 
115 TRY1*TRY2 
GO TO 116 


114 Q*Q-0.0005 

V=Q/(PI*(D/FACTOR) **2/4.0) 

RN*D/FACTOR*V/VIS 
ED=E/D*FACTOR 
CALL ROUGH 
DIFF=ABS(F-FF) 

IF(DIFF.LT.0.0001)GO TO 104 
FF=F 

GO TO 105 

104 IF(VI.GT.0.0001)V1=V 
IF (V2 . GT. 0.0001) V2 =V 

IF(UNITS.EQ.0)WRITE(6,106)PI,P2,Z1,Z2,HA,HR,HM,D,L,FLUID,PIPE,Q, 
*V1 , V2 

106 FORMAT (IX,' GIVEN DATA FOR A CIRCULAR CLOSED CONDUIT CARRYING INCOM 
‘PRESSIBLE FLOW',//5X,'PRESSURE AT POINT 1 =',F7.1,' PSI',//5X,’PRE 
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*SSURE AT POINT 2 =',F7.1,‘ PSI//5X, 1 ELEVATION AT POINT 1 = ', 
*F7.1,' FT',//5X,'ELEVATION AT POINT 2 =',F7.1,’ FT//5XACTUAL E 
•NERGY ADDED BETWEEN POINTS 1 AND 2 =',F5.1,' HP',//5XACTUAL ENER 
*GY REMOVED BETWEEN POINTS 1 AND 2 =',F5.1,' HP//5XMINOR HEAD L 
*OSSES BETWEEN POINTS 1 AND 2 =',F5.1,' FT’,//5X,'DIAMETER OF CONDU 
•IT =',F6.2,' IN',//5X,'LENGTH OF CONDUIT =',F8.1,’ FT//5XFLUID 

* FLOWING IS ',4A6,//5X,‘CONDUIT MATERIAL IS ',4A6,////IX,'THE FLOW 

* RATE WILL BE 1 ,F7. 1 , ' CU FT/S//SXVELOCITY AT POINT 1 =',F6.2, 
*' FT/S//5XVELOCITY AT POINT 2 =',F6.2,' FT/S') 

IF(UNITS.EQ.1)WRITE(6,107)PI,P2,Z1,Z2,HA,HR,HM,D,L.FLUID,PIPE,Q , 
*V1,V2 

107 FORMAT(IX,'GIVEN DATA FOR A CIRCULAR CLOSED CONDUIT CARRYING INCOM 
•PRESSIBLE FLOW',//5X,'PRESSURE AT POINT 1 =',F7.1,' KPA',//5X,'PRE 
•SSURE AT POINT 2 =',F7.1,' KPA',//5X,'ELEVATION AT POINT 1 = ', 
•F7.1, ' M ',//5X,'ELEVATION AT POINT 2 =',F7.1,' M ',//5X,'ACTUAL E 
•NERGY ADDED BETWEEN POINTS 1 AND 2 =',F5.1,' KW',//5X,'ACTUAL ENER 
*GY REMOVED BETWEEN POINTS 1 AND 2 =',F5.1,’ KW' ,//5X,'MINOR HEAD L 
•OSSES BETWEEN POINTS 1 AND 2 =’,F5.1,' M //5X,'DIAMETER OF CONDU 
•IT = ' ,F7.1 , ' MM',//5X,'LENGTH OF CONDUIT =',F8.1,' M //5XFLUID 

* FLOWING IS ',4A6,//5X,'CONDUIT MATERIAL IS ',4A6,////IX,'THE FLOW 

* RATE WILL BE',F7.3,' CU M/S',//5X,'VELOCITY AT POINT 1 =',F6.2, 

*' M/S ',//5X,'VELOCITY AT POINT 2 =',F6.2,' M/S ') 

GO TO 1 

117 V1=V1*(Q/P1*4.0) 

V2=V2*(Q/PI‘4.0) 

103 HF=FF*L*(Q/PI*4.0)**2/2.0/G 
HAT=550.*HA/SW/Q 
IF(UNITS.EQ.1)HAT=HA/SW/Q 
HRT=550.*HR/SW/Q 
IF(UNITS.EQ.1)HRT=HR/SW/Q 
D=0.001 

TRY1=HF/D**5+(V2**2/2.0/G)/D**4-(VI**2/2.0/G)/D**4-P1SW-Z1-HAT 
**HRT*P2SW+Z2+HM 

110 D=D+0.001 

TRY2=HF/D**5+(V2**2/2.0/G)/D**4-(VI**2/2.0/G)/D**4-P1SW-Z1-HAT 
•+HRT+P2SW+Z2+HM 
IF(TRY1*TRY2)108,108,109 
109 TRY1=TRY2 
GO TO 110 

108 D=D-0.0005 
RN=D*Q/(PI*D**2/4.0)/VIS 
ED=E/D 

CALL ROUGH 
DIFF=ABS(F-FF) 

IF(DIFF.LT.O.0001)GO TO 111 
FF=F 

GO TO 103 

111 V1=V1/D**2 
V2=V2/D**2 
D-D*FACTOR 

IF(UNITS.EQ.0)WRITE(6,112)PI,P2,Z1,Z2,HA,HR,HM,Q,L.FLUID,PIPE,D, 

*V1,V2 

112 FORMAT(IX,'GIVEN DATA FOR A CIRCULAR CLOSED CONDUIT CARRYING INCOM 
•PRESSIBLE FLOW',//5X,'PRESSURE AT POINT 1 =',F7.1,' PSI' ,/75X, ' PRE 
•SSURE AT POINT 2 =',F7.1,' PSI',//5X,'ELEVATION AT POINT 1 =', 

*F7.1,' FT',//5X,'ELEVATION AT POINT 2 =',F7.1,’ FT',//5X,'ACTUAL E 
•NERGY ADDED BETWEEN POINTS 1 AND 2 =',F5.1,' HP',//5X,'ACTUAL ENER 
*GY REMOVED BETWEEN POINTS 1 AND 2 = ',F5.1,_' HP',//5X,'MINOR LOSSES 

* BETWEEN POINTS 1 AND 2 =',F5.1,' FT',//5X,'FLOW RATE =',F7.1, 

*'• CU FT/S' ,//5X, 'LENGTH OF CONDUIT =',F8.1,' FT',//5X,'FLUID FLOWI 
*NG IS ' ,4A6,//5X,'CONDUIT MATERIAL IS ' ,4A6,///1X,'THE CONDUIT DIA 
•METER REQUIRED WILL BE',F6.2,' IN’,//5X,'VELOCITY AT POINT 1 =', 
*F6.2,' FT/S',//5X,'VELOCITY AT POINT 2 =',F6.2,' FT/S') 

IF(UNITS.EQ.1)WRITE(6,113)PI,P2,Z1,Z2,HA,HR,HM,Q,L,FLUID,PIPE,D, 

*V1,V2 

113 FORMAT(IX,'GIVEN DATA FOR A CIRCULAR CLOSED CONDUIT CARRYING INCOM 
•PRESSIBLE FLOW' ,//5X,'PRESSURE AT POINT 1 =',F7.1,' KPA ' , //3.X, ' PRE 
•SSURE AT POINT 2 =',F7.1,' KPA',//5X,'ELEVATION AT POINT 1 =’, 

*F7.1,' M ',//5X,'ELEVATION AT POINT 2 =',F7.1,’ M ',//5X,'ACTUAL E 
•NERGY ADDED BETWEEN POINTS 1 AND 2 =',FS.l,' KW’,//5X,'ACTUAL ENER 
*GY REMOVED BETWEEN POINTS 1 AND 2 =',F5.1,' KW’,//5X,'MINOR LOSSES 

* BETWEEN POINTS 1 AND 2 =',F5.1,' M ',//5X,'FLOW RATE =',F7.3, 

*' CU M/S ',//5X,'LENGTH OF CONDUIT =',F8.1,' M ',//5X,'FLUID FLOWI 
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*NG IS ',4A6,//5X,'CONDUIT MATERIAL IS ' ,4A6,///1X, 'THE COlfDUIT DIA 
* METER REQUIRED WILL BE',F7.1,' MM',//5X,'VELOCITY AT POINT 1 =', 

*F6. 2,' M/S ' ,//5X,'VELOCITY AT POINT 2 =',F6.2,' M/S ’) 

GO TO 1 
2 STOP 
END 

SUBROUTINE ROUGH 
COMMON F,ED,RN 
IF(RN.LE.2000.0)F=64.O/RN 
IF(RN.LE.2000.0)RETURN 
IF(RN.LT.4000.0)WRITE(6,103) 

103 FORMAT(lX,'A REYNOLDS NUMBER IS IN THE CRITICAL ZONE, FOP. KHiCH *H 
*E FRICTION FACTOR IS UNCERTAIN. HENCE, PROGRAM EXECUTION WAS TERM 
*INATED.') 

IF(RN.LT.4000.0)STOP 
F=0.006 

TRY1=1.0/SQRT(F)+2.0*ALOG10(ED/3.7+2.51/RN/SQRT1F)) 

102 F=F+0.00001 

TRY2=1.0/SQRT(F)+2.0*ALOG10(ED/3.7+2.51/RN/SQRT(F)) 

IF(TRY1*TRY2)100,100,101 
101 TRY1=TRY2 
GO TO 102 
100 F=F-0.000005 
RETURN 
END 

For the data given in Prob. 9.65, find the flow rate at which water is being discharged from the pipe, utilizing 
the computer program of Prob. 9.295. 

INPUT 

0SAMPLE ANALYSIS 0F INC0MPRESSIBLE FL0W 

1.0 150.5 98.4 

24.0 130.0 0.0000105 0.00085 62.4 

WATER NEW CAST IR0N 

OUTPUT 

SAMPLE ANALYSIS OF INCOMPRESSIBLE FLOW 


GIVEN DATA FOR A CIRCULAR CLOSED CONDUIT CARRYING INCOMPRESSIBLE FLOW 
PRESSURE AT POINT 1 = 0.0 PSI 

PRESSURE AT POINT 2 = 0.0 PSI 

ELEVATION AT POINT 1 = 150.5 FT 
ELEVATION AT POINT 2 = 98.4 FT 

ACTUAL ENERGY ADDED BETWEEN POINTS 1 AND 2 = 0.0 HP 

ACTUAL ENERGY REMOVED BETWEEN POINTS 1 AND 2 = 0.0 HP 

MINOR HEAD LOSSES BETWEEN POINTS 1 AND 2 = 0.0 FT 

DIAMETER OF CONDUIT = 24.00 IN 

LENGTH OF CONDUIT = 130.0 FT 

FLUID FLOWING IS WATER 

CONDUIT MATERIAL IS NEW CAST IRON 


THE FLOW RATE WILL BE 127.0 CU FT/S 
VELOCITY AT POINT 1 = 0.00 FT/S 


VELOCITY AT POINT 2 = 40.44 FT/S 
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9.297 For the data given in Prob. 9.66, find the pipe diameter, utilizing the computer program of Prob. 9.295. 
INPUT 

1 1 ] 4 s 6 7« 4 toil U1J14tSH171«1*»21 22JJ24 25 14 27 M i* )0 II 11JJ >4 )SM17M»40 41 4 2 41 44 4) 44 4 7 4* 44 MSI $2 5) 54 55 54 S7 M St 4641 42 4) 44 45 44 47 U 4f 70 71 7} 7) 74 71 74 77 70 79 M 

1 SAMPLE ANALYSIS 0F INC0MPRESSIBLE FL0W 

2.5 1.0 1.0 82.65 66.66 

965.5 .000000406.00050 7.05 .10 

GAS0LINE (R0UGHNESS = 0.500 («) 

OUTPUT 

SAMPLE ANALYSIS OF INCOMPRESSIBLE FLOW 

GIVEN DATA FOR A CIRCULAR CLOSED CONDUIT CARRYING INCOMPRESSIBLE FLOW 
PRESSURE AT POINT 1 = 2.5 KPA 

PRESSURE AT POINT 2 = 0.0 KPA 

ELEVATION AT POINT 1 = 82.7 M 

ELEVATION AT POINT 2 = 66.7 H 

ACTUAL ENERGY ADDED BETWEEN POINTS 1 AND 2 = 0.0 KW 

ACTUAL ENERGY REMOVED BETWEEN POINTS 1 AND 2 = 0.0 KW 

MINOR LOSSES BETWEEN POINTS 1 AND 2 = 0.0 M 

FLOW RATE = 0.100 CU M/S 

LENGTH OF CONDUIT = 965.5 M 

FLUID FLOWING IS GASOLINE 

CONDUIT MATERIAL IS (ROUGHNESS = 0.500 MM) 

THE CONDUIT DIAMETER REQUIRED WILL BE 257.5 1*1 
VELOCITY AT POINT 1 = 1.92 M/S 


VELOCITY AT POINT 2 


1.92 M/S 





CHAPTER 10 

Series Pipeline Systems 


10.1 For a 12-in-diameter concrete pipe 12 000 ft long, find the diameter of a 1000-ft-long equivalent pipe. 

f Assume a flow rate of 3.0 cfs. (The result should be the same regardless of the flow rate assumed.) From Fig. 
A-13, with D = 12 in and Q = 3.0ft 3 /s, h , = 0.0052 ft/ft. Therefore, h f = (0.0052)(12 000) = 62.40 ft. For a 
1000-ft-long equivalent pipe with the same head loss, h t = 62.40/1000 = 0.06240 ft/ft. From Fig. A-13, with 
h , = 0.06240 ft/ft and Q = 3.0 ft 3 /s, D = 7.3 in. 

10.2 A 480-ft-long, 18-in-diameter concrete pipe and a 590-ft-long, 12-in-diameter concrete pipe are connected in 
series. Find the length of an equivalent pipe of 10 in diameter. 

f Assume a flow rate of 5 cfs through the two given pipes. For the 18-in-diameter pipe, from Fig. A-13, 

/i, = 0.00180 ft/ft. For the 12-in-diameter pipe, h l = 0.0137 ft/ft. The total head loss for both pipes is 
h f = (0.00180)(480) + (0.0137)(590) = 8.947 ft. For a 10-in-diameter pipe with Q = 5.0 cfs, from Fig. A-13, 
h\ = 0.032 ft/ft. Since the equivalent pipe must have the same head loss as that of the system it replaces (i.e., 
8.947 ft), the required length of a 10-in-diameter equivalent pipe can now be determined by 0.032L = 8.947, 

L = 280 ft. Note that the required length of pipe can be determined in a single computation as follows: 

L = (0.00180)(480)/0.032 + (0.0137)(590)/0.032 = 280 ft. 

10.3 A 225-m-long, 300-mm-diameter concrete pipe and a 400-m-long, 500-mm-diameter concrete pipe are 
connected in series. Find the diameter of a 625-m-long equivalent pipe. 

I Assume a flow rate of 0.1 m 3 /s. For the 300-mm-diameter pipe, from Fig. A-14, h, = 0.0074 m/m. For the 
500-mm-diameter pipe, hi = 0.00064 m/m. The total head loss for both pipes is h f = (Q.Q074)(225) + 
(0.00064)(400) = 1.921 m. For a 625-m-long equivalent pipe with this head loss, h x = 1.921/625 = 0.00307 m/m. 
From Fig. A-14, D = 360 mm. 

10.4 Water flows at a rate of 0.020 m 3 /s from reservoir A to reservoir B through three concrete pipes connected in 
series, as shown in Fig. 10-1. Find the difference in water-surface elevations in the reservoirs. Neglect minor 
losses. 

f PAlY + v 2 J2g +z A =p B lY + v 2 B /2g + z B + h L 0 + 0 + 2 /t = 0 + 0 + 2 fl + /i f . h L = h f = z A -z B 

With Q = 0.020 m 3 /s and D = 160 mm, from Fig. A-14, /i, = 0.0082 m/m. With Q = 0.020 m 3 /s and D — 

200 mm, hi = 0.0028 m/m. With Q = 0.020 m 3 /s and D = 180 mm, h x = 0.0046 m/m. H = h f = (0.0082)(1000) + 
(0.0028)(1600) + (0.0046)(850) = 16.59 m. 


Fig. 10-1 
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10.5 Compute the flow rate of water through the three concrete pipes connected in series as shown in Fig. 10-2 by 
the equivalent length method. 

I h f =z A -z B = 20 ft/ft. Assume Q = 1 cfs. From Fig. A-13, (h ,), 2 . in = 0.00067 ft/ft; (/i,) 1(W „ = 0.0016 ft/ft; 
(*,)«■- 0.00475 ft/ft. 

Consider a 10-in-diameter equivalent pipe: L e = 120 + (0.00475)(150)/0.0016 + (0.00067)(100)/0.0016 = 607 ft. 
With D = 10 in and /», = §> = 0.0329 ft/ft, from Fig. A-13, Q = 5.1 cfs. 


Fig. 10-2 

10.6 Solve Prob. 10.5 by the equivalent diameter method. 

I Using values obtained from Prob. 10.5, h f = (0.00067)(100) + (0.00475)(150) + (0.0016)(120) = 0.972 ft. 
With Q = 1 cfs and h x = 0.972/(100 + 150 + 120) = 0.00263 ft/ft, D = 8.9 in. With D = 8.9 in and h t = = 

0.0541 ft/ft, Q= 5.1 cfs. 

10.7 Two concrete pipes are connected in series. The flow rate of water through the pipes is 0.14 m 3 /s with a total 
friction loss of 14.10 m for both pipes. Each pipe has a length of 300 m. If one pipe has a diameter of 300 mm, 
what is the diameter of the other one? Neglect minor losses. 

f For first pipe: With Q = 0.14 m 3 /s and D = 300 mm, A, = 0.014 m/m. h f = (0.014)(300) = 4.20 m. 

For second pipe: h f = 14.10 — 4.20 = 9.90 m, A, = 9.90/300 = 0.033 m/m. With Q= 0.14 m 3 /s and /», = 

0.033 m/m, D = 250 mm. 

10.8 Three concrete pipes are connected in series, as shown in Fig. 10-3. Determine the length of an 8-in-diameter 
equivalent pipe. 

f Assume Q = 1 cfs. (ftj)s-m = 0.00475 ft/ft; (h^ = 0.0195 ft/ft; (/lOio-m = 0.0016 ft/ft; L e = 1200 + 
(Q.0195)(1000)/0.00475 + (0.0016)(2000)/0.00475 = 5979 ft. 

1200 ft, 8-in diameter 1000 ft, 6-la diameter 2000 ft, 10-ia diameter 


Fig. 10-3 

10.9 For the three pipes in Fig. 10-3, determine the diameter of a 4200-ft-long equivalent pipe. 

f Using values obtained from Prob. 10.8, for a 4200-ft-long equivalent pipe, h f = (0.00475)(1200) + 
(0.0195)(1000) + (0.0016)(2000) = 28.4 ft, h, = 28.4/4200 = 0.00676 ft/ft. With Q = 1 cfs and A, = 0.00676 ft/ft, 
D = 7.5 in. 
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10.10 For three pipes in series, the total pressure drop is Pa~Pb = 150 000 Pa, and the elevation drop is 
z A - z B = 5 m. The pipe data are 


pipe 

L, m 

d, cm 

f, mm 

e/d 

1 

100 

8 

0.24 

0.003 

2 

150 

6 

0.12 

0.002 

3 

80 

4 

0.20 

0.005 


The fluid is water, p = 1000 kg/m 3 , and v = 1.02 x 10 6 m 2 /s. Calculate the flow rate in cubic meters per hour 
through the system. Neglect minor losses. 


f The total head loss in the system is h L = (p A -p n )/pg + (z A ~ z b) = 150 000/[(1000)(9.807)] + 5 = 20.30 m = 
h f = (f)(L/d)(v 2 /2g). From the continuity relation, v 2 = (d l /d 2 ) 2 (v l ) = (i) 2 (i/,) = 1.778i/,, v 3 = (d,/d 3 ) 2 (v l ) = 
(!) 2 («b) = 4.000i/,, and 


(N r ) 2 



(1.7781/0(6) 

(f0(8) 



(4.000t/0(4) 

(v0( 8) 



(1.333)^), 

(2.000)(N„), 


20.30=/ 1 [100/( T i 5 )]{t/?/[(2)(9.807)]}+/ 2 [150/(Tg 5 )]{(1.778u0 2 /[(2)(9.807)]}+/ 3 [80/(^o)]{(4.000t/0 2 /[(2)(9.807)]} 

20.30 = (63.73/! + 402.9/ 2 + 1631/ 3 )(u,) 2 

From Fig. A-5 from the fully rough regime, estimate /, = 0.0262, f 2 = 0.0234, and f 3 = 0.0304. 

20.35 = t(63.73)(0.0262) + (402.9)(0.0234) + (1631)(0.0304)](t/0 2 = 0.5791 m/s N R = dv/v 

(N r ) , = (iio)(0.5791)/(1.02 x 10~ 6 ) = 4.54 x 10 4 
(. N r ) 2 = (1.333)(4.54 x 10~ 4 ) = 6.05 x 10 4 (N R ) 3 = (2.000)(4.54 x 10' 4 ) = 9.08 x 10 4 

From Fig. A-5,/, = 0.0288,/ 2 = 0.0260, and/ 3 = 0.0314. 20.35 = [(63.73)(0.0288) + (402.9)(0.0260)+ 
(1631)(0.0314)](t/,) 2 , u, =0.5660 m/s; Q=Av = [(^)(!fe) 2 /4](0.5660) = 0.002845 m 3 /s, or 10.2 m 3 /h. An 
additional iteration (not shown) gives essentially the same result. 


10.11 For a head loss of 5.0 ft/1000 ft, and using C = 120 for all pipes, how many 8-in pipes are equivalent to a 16-in 
pipe? To a 24-in pipe? 

f From Fig. A-13, for h 3 = 5.0/1000, or 0.005, and d = 8 in, Q = 1.0 cfs. For d = 16 in, Q = 6.6 cfs. For 
d = 24 in, Q = 17 cfs. Thus it would take 6.6/1.0, or 6.6 eight-in pipes to be hydraulically equivalent to a 16-in 
pipe of the same relative roughness. Likewise, 17/1.0, or 17 eight-in pipes are equivalent to a 24-in pipe for a 
head loss of 5.0 ft/1000 ft, or for any other head loss condition. 


10.12 A series piping system consists of 6000 ft of 20-in new cast iron pipe, 4000 ft of 16-in, and 2000 ft of 12-in pipe. 
Convert the system to an equivalent length of 16-in pipe. 

f Assume a value of Q of 3.8 cfs. For new cast iron, C = 130. In order to use Fig. A-13, change <2i3o to Quo- 
Quo = (ti)(3.8) = 3.5 cfs. From Fig. A-13, (/i,), = 0.00064 ft/ft, (/i,) 2 = 0.00187 ft/ft, and (//,)., = 0.0070 ft/ft. 
h L = (0.00064)(6000) + (0.00187)(4000) + (0.0070)(2000) = 25.32 ft. The equivalent 16-in pipe must carry 3.8 cfs 
with a head loss of 25.32 ft (C = 130). Hence, 25.32 /L e = 0.00187, L e = 13 540 ft. 

10.13 Convert the system of Prob. 10.12 to an equivalent size pipe 12 000 ft long. 

f The 12 000 ft of pipe, C = 130, must carry 3.8 cfs with a head loss of 25.32 ft. Hence, h 3 = 25.32/12 000 = 
0.00211. From Fig. A-13, using Q = 3.5 cfs, d = 15.5 in. 

10.14 Suppose in Fig. 10-4 pipes 1, 2, and 3 are 300 m of 30-cm-diameter, 150 m of 20-cm-diameter, and 250 m of 
25-cm-diameter, respectively, of new cast iron and are conveying water at 15 °C. If h = 10 m, find the rate of 
flow from A to B by the equivalent velocity method. Neglect minor losses. 

I (e/d) 1 = 0.00026/(^) = 0.000867 (e/d) 2 = 0.00026/® = 0.00130 (e/d) 3 = 0.00026/(^) = 0.00104 
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10.15 


10.16 


From Fig. A-5, assume/> = 0.019, f 2 = 0.021, and/ 3 = 0.020. h f = (f)(L/d)(v 2 /2g) = 10 = 
0.019[300/(^)l(u?/[(2)(9.807)]} + 0.021[150/(*)]{wl/[(2)(9.807)]} + 0.020[250/(i&)]{v?/[(2)(9.807)]}, 
10 = 0.9687v? + 0.8030v? + 1.020v?. From the continuity relation, v 2 = (d 1 /d 2 ) 2 (v 1 ) = (|B) 2 (vi) = 2.250V,, 
v 3 = (djd 3 )\v x ) = (S) 2 (v,) = 1.440V), and 


(Nr) 2 — 
(Nr) 3 = 



10 = 0.9687v? + (0.8030)(2.250v,) 2 + (1.020)(1.440v,) 2 v, = 1.183 m/s N R = dv/v 
(N r ) , = ( 10 ( 1 . 183)/(1.16 x 10- 6 ) = 3.06 x 10 5 (N R ) 2 = (1.500)(3.06 x 10 5 ) = 4.59 x 10 s 

(N r ) 3 = (1.200)(3.06 X 10 5 ) = 3.67 x 10 5 
From Fig. A-5,/, = 0.021,/ 2 = 0.021, and/ 3 = 0.020. 

h f = 10 = 0.021[300/(l)]{v?/[(2)(9.807)]} +0.021[150/(l)]{v?/[(2)(9.807)]} + 0.020[250/(l)]{v?/[(2)(9.807)]} 
10 = 1.071v? + 0.8030v | + 1.020v| = 1.071v? + (0.8030)(2.250v0 2 + (1.020)(1.440v,) 2 


v, = 1.174 m/s Q=Av = [(jt)(!) 2 /4](1.174) = 0.0830 m 3 /s 



Solve Prob. 10.14 by the equivalent length method. 

f Using data from Prob. 10.14 and choosing a 30-cm pipe as the standard, 

(L e ) 2 = (150)(0.021/0.020)(I) S = 1196 m of 30-cm pipe 
(L e ) 3 = (250)(0.020/0.020)(i) 5 = 622 m of 30-cm pipe 
(£,)«,«! = 300 + 1196 + 622 = 2118 m of 30-cm pipe h = 10 = 0.020[2118/(!)]{v 2 /[(2)(9.807)]} 
v = 1.179 m/s Q = [(?r)(t£) 2 /4](1.179) = 0.0833 m 3 /s 

In Fig. 10-4 pipes 1, 2, and 3 are 500 ft of 3.068-in, 200 ft of 2.067-in, and 400 ft of 2.469-in wrought iron pipe. 
Given a head loss of 19.5 ft from A to B, find the flow of water at 60 °F. 


f (e/d), = 0.00015/(3.068/12) = 0.000587 (e/d) 2 = 0.00015/(2.067/12) = 0.000871 

(e/d) 3 = 0.00015/(2.469/12) = 0.000729 
From Fig. A-5, assume f x = 0.0172, f 2 = 0.0190, and f 3 = 0.0181. 

h f = (f)(Lld)(v 2 /2g) = 19.5 = 0.0172[500/(3.068/12)]{v?/[(2)(32.2)]> + 0.0190[200/(2.067/12)]{v|/[(2)(32.2)]} 
+ 0.0181(400/(2.469/12)]{v?/[(2)(32.2)]} 

19.5 = 0.5223v? -I- 0.3426v? + 0.5464v| 


From the continuity relation, v 2 = (d,/d 2 ) 2 (v 1 ) = (3.068/2.067) 2 (vi) = 2.203v,, v 3 = (d x /d 3 ) 2 (v x ) - 
(3.068/2.469) 2 (v,) = 1.544V), and 


(Nr) 2 = 
(Nr ) 3 = 


(SW- 


(2.203vi)(2.067) 
(v,)(3.068) 
(1.544vi)(2.469) 
(v,)(3.068) 


](A r ), = (1.484)(1V r )) 
](A„), = (1.243)(1V r ), 


20 = 0.5223v? + (0.3426)(2.203v,) 2 + (0.5464)(1.544v,) 2 v, = 2.365 ft/s 
Nr = dv/v (N R ) t = (3.068/12)(2.365)/(1.21 X 10~ 5 ) = 5.00 x 10 4 
(Nr) 2 = (1.484)(5.00 x 10 4 ) = 7.42 X 10 4 (N K ) 3 = (1.243)(5.00 x 10 4 ) = 6.22 x 10 4 
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10.17 


10.18 


10.19 


From Fig. A-5,/, = 0.0228, f 2 = 0.0225, and/ 3 = 0.0225. 

h f = 19.5 = 0.0228[500/(3.068/12)]{v?/[(2)(32.2)]} + 0.0225[200/(2.067/12)]{v?/[(2)(32.2)]} 

+ 0.0225[400/(2.469/12) { v?/[(2)(32.2)]} 

19.5 = 0.6924v? + 0.4057v? + 0.6792v? = 0.6924v? + (0.4057)(2.203v,) 2 + (0.6792)(1.544v,) 2 v, = 2.134 ft/s 

Q =Av = [(tt)( 3.068/12) 2 /4](2.134) = O.llOftVs 
An additional iteration (not shown) produces an insignificant difference. 


Suppose that 100 ft of 1-in (e = 0.000005 ft) pipe and 500 ft of 6-in (e = 0.0008 ft) pipe are connected in series. 
For a total head loss of 24 ft, find the flow of water at 60 °F. 

I (e/d), = 0.000005/(n) = 0.0000600 (e/d) 2 = 0.0008/(£) = 0.00160 


From Fig. A-5, assume /, = 0.0110and/ 2 = 0.0215. 

h f = (f)(L/d)(v 2 /2g) = 25 = 0.0110[100/(n)]{v?/[(2)(32.2)]} + 0.0215[500/(£)]{v?/[(2)(32.2)]} 

25 = 0.2050v? + 0.3339v? 


From the continuity relation, v 2 = (d,/d 2 ) 2 (v,) = (s) 2 (v,) = 0.02778v, and 


( Y «) 2 = 



(0.02778v,)(6)] , 

«. 7 )(» 


(0.1667)(A R ), 


24 = 0.2050V?+ (0.3339)(0.02778v,) 2 v, = 11.04 ft/s N K = dv/v 

(N R ), = (n)(H-04)/(1.21 X 10“ 5 ) = 7.60 x 10 4 (A R ) 2 = (0.1667)(7.60 x 10 4 ) = 1.27 x 10 4 


From Fig. A-5, /, = 0.0195 and f 2 = 0.032. 

h f = 24 = 0.0195[100/(^)]{v?/[(2)(32.2)]> + 0.032[500/(£)]{v?/[(2)(32.2)]} 

24 = 0.3634v? + 0.4969v? = 0.3634v? + (0.4969)(0.02778v,) 2 v, = 8.122 ft/s 

(Y«), = (n)(8.122)/(1.21 x 10~ 5 ) = 5.59 x 10 4 (N R ) 2 = (0.1667)(5.59 x 10 4 ) = 9.32 x 10 3 


From Fig. A-5, /, = 0.0203 and f 2 = 0.033. 

hf = 24 = 0.0203[100/(n)]{v?/[(2)(32.2)]} + 0.033[500/(^)]{vI/[(2)(32.2)]} 
24 = 0.3783v? + 0.5124v? = 0.3783v? + (0.5124)(0.02778v,) 2 v, = 7.961 ft/s 
Q=Av = [(jt)(^) 2 /4](7.961) = 0.0434 ft 3 /s 


An additional iteration (not shown) produces an insignificant difference. 


Repeat Prob. 10.16 for the case where the fluid has s.g. = 0.9 and n = 0.0008 lb • s/ft 2 . 

# First apply h f = (f)(L/d)(v 2 /2g), using values from Prob. 10.16 and assuming/ = 0.03 for all pipes. 

19.5 = 0.03[500/(3.068/12)] {v?/[(2)(32.2)]} + 0.03[200/(2.067/12)] {v?/[(2)(32.2)]} 

+ 0.03[400/(2.469/12)]{v?/[(2)(32.2)]} 

= 0.9110v? + 0.5409v| + 0.9056v? 

= 0.9110v? + (0.5409)(2.203v,) 2 + (0.9056)(1.544v,) 2 
v, = 1.850 ft/s N k = pdv/n (N r ), = [(0.9)(1.94)](3.068/12)(1.850)/0.0008 = 1032 
(N r ) 2 = (1.484)(1046) = 1532 (N R ) 3 = (1.243)(1046) = 1283 

Therefore, the flow is laminar and h L = (32 )(ply)(L/d 2 )(v). 

19.5 = 32 {0.0008/[(0.9)(62.4)]} [500/(3.068/12) 2 ](v,) 

+ 32{0.0008/[(0.9)(62.4)]} [200/(2.067/12) 2 ](2.203v,) 

+ 32{0.0008/[(0.9)(62.4)]}[400/(2.469/12) 2 ](1.544v,) 
v, = 1.074 ft/s Q = Av = [(tt)( 3.068/12) 2 /4](1.074) = 0.0551 ft 3 /s 

One end of a 150-m-long, 300-mm-diameter pipe is submerged in a reservoir; the other end abuts on a 
90-m-long, 200-mm-diameter pipe at a point 30 m below the reservoir surface. Water discharges freely (K = 1.0) 
from the free end of the shorter pipe, which is 15 m below the junction. [This implies a 2° bend at the junction.] 
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Determine the pressure heads just above and just below the junction, if / = 0.04, K — 0.8 for the entrance, and 
K = 0.24 for the contraction-bend at the junction. 

I pily + v\/2g + 2 , =p 2 lY + vl/2g + z 2 + h L (1) 

hf= (f)(L/d)(v 2 /2g) = 0.04[150/0.300]{uJ/[(2)(9.807)]} +0.04[90/0.200]{u!/[(2)(9.807)]} = 1.020u? + 0.9177u 2 
h„ = (K)(v 2 /2g) = 0.8{u?/[(2)(9.807)]} + 0.24{ul/[(2)(9.807)]} = 0.04079v? + 0.01224t^ 
h L = h f + h m = (1.020ut + 0.9111 vl) + (0.04079u? + 0.01224t>l) = 1.061u? + 0.9299u| 

A,v 1 =A 2 v 2 [( jt)( 0. 300) 2 /4](tj,) = [(7r)(0.200) 2 /4](u 2 ) Wi =0.4444v 2 

h L = (1.061)(0.4444u 2 ) 2 + 0.9299t-l = 1.139t^ 0 + 0 +45 = 0 + ul/[(2)(9.807)] + 0 + 1.139ul 

u 2 = 6.149 m/s u,= (0.4444)(6.149) = 2.733 m/s Q=A 2 v 2 = [(jr)(0.200) 2 /4](6. 149) = 0.193 m 3 /s 

Now apply Eq. (1) between the water level at intake and a point just above the junction. 0 + 0 + 30 = 
p 2 /y + 2.7337[(2)(9.807)j + 0 + (1.020u? + 0.04079i>?), 30 = p 2 /y + 0.3808 + (1.020 + 0.04079)(2.733 2 ), pjy = 
21.70 m. Finally apply Eq. (1) between the water level at intake and a point just below the junction. 

0 + 0 + 30 = pjy + 6.149 2 /[(2)(9.807)] + 0 + (1.020v? + 0.04079u? + 0.01224u 2 ), 30 = p 2 /y + 1.928 + [(1.020 + 
0.04079)(2.733 2 ) + (0.01224)(6.149 2 )], p 2 /y= 19.69 m. 


10.20 Repeat Prob. 10.19 neglecting minor losses. 

I pJy+v 2 J2g + z t =pJy + vl/2g + z 2 + h L (1) 

h L = h f + h m h m =0 

Using data from Prob. 10.19, h f = 1.020u 2 + 0.9177u 2 , h L = (1.020)(0.4444u 2 ) 2 + 0.9177u 2 = 1.119u 2 , 0 + 0 + 

45 = 0 + u 2 /[(2)(9.807)] + 0 + 1.119u|, v 2 = 6.202 m/s, v t = (0.4444)(6.202) = 2.756 m/s; Q = A 2 v 2 = 
[(jt)( 0.200) 2 /4](6.202) = 0.195 m 3 /s. For the pressure head just above the junction, 0 + 0 + 30 = p 2 /y + 
2.756 2 /[(2)(9.807)] + 0 + 1.020w?, 30 = pjy + 0.3873 + (1.020)(2.756 2 ), pjy = 21.87 m. For the pressure head 
just below the junction, 0 + 0 + 30 =p 2 ly + 6.202 2 /[(2)(9.807)] + 0 + 1.020u 2 , 30 = pjy + 1.961 + 
(1.020)(2.756 2 ), p 2 !y = 20.29 m. 


10.21 Three new cast iron pipes, having diameters of 30 in, 24 in, and 18 in, respectively, each 500 ft long, are 

connected in series. The 30-in pipe leads from a reservoir (flush entrance), and the 18-in pipe discharges into the 
air at a point 11.5 ft below the water surface in the reservoir. Assuming all changes in section to be abrupt, find 
the rate of discharge of water at 60 °F. 

f pjY + v 2 J2g + z x =p 2 ly + vl/2g + z 2 + h L h L = h f + h m h f = (f)(L/d)(v 2 /2g) 

Assume/ = 0.016 for each pipe. v 2 = velocity for 18-in pipe, velocity for 24-in pipe = (55 ) 2 (ir 2 ) = 0.5625 w 2 , 
velocity for 30-in pipe = ( 5 §) 2 (v 2 ) = 0.3600u 2 . 

h f = 0.016[500/(f§)] {(0.3600u 2 ) 2 / [(2)(32.2)]} + 0.016[500/(ff)]{(0.5625u 2 )7[(2)(32.2)]} 

+ 0.016[500/(]f)] {t>l/[(2)(32.2)]} = 0.1089u! 

h m = (AT)(v 2 /2g) 

For entrance, take K = 0.5 (Fig. A-7). For sudden contractions, with d/D = §g, or 0.80, K = 0.15 and with 
d/D = H, or 0.75, K = 0.18 (Fig. A-9). For exit, K = 1.0 (Fig. A-7). 

h m = (0.5)(0.3600u 2 ) 2 + (0.15)(0.5625u 2 ) 2 + 0. 18vl = 0.2923u 2 h L = 0.1089u 2 + 0.2923vi = 0.4012v| 

0 + 0+11.5 = 0+ul/[(2)(32.2)]+0 + 0.4012ul v 2 = 5.253 ft/s N R = dv/v 

(AW 3 <m„ = n[(0.3600)(5.253)]/(1.21 x 10” 5 ) = 3.91 x 10 5 (A„) 24 _ in = f|[(0.5625)(5.253)]/(1.21 x 10" 5 ) = 4.88 x 10 5 
(N„) l8 . in = (t§)( 5.253)/(1.21 x 10" 5 ) = 6.51 x 10 5 ( e/d^ = 0.00085/(i) = 0.000340 

{e/d) 24 . in = 0.00085/ (ft) = 0.000425 (e/d) ls .,„ = 0.00085/(H) = 0.000567 

From Fig. A-5, / 30 . in = 0.0168, / 24 . in = 0.0172, and / I8 _ in = 0.0176. 

h f = 0.0168[500/(i)]{(0.3600u 2 ) 2 /[(2)(32.2)]} + 0.0172[500/(j|)] {(0.5625u 2 ) 2 /[(2)(32.2)]) 

+ 0.0176[500/(H)] (u 2 /[(2)(32.2)]} = 0.1190u| 

h L = 0.1190u 2 + 0.2923ul = 0.4113u^ 0 + 0 + 11.5 = 0 + v|/[(2)(32.2)] + 0 + 0.4113ul u 2 = 5.191 ft/s 

An additional iteration (not shown) gives no significant change in v 2 . Q = Av = [(jt)(tI) 2 /4](5.191) = 9.17 ft 3 /s. 
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10.22 In Fig, 10-5, K e — 0.5, L, — 300 m, D, = 600 mm, e, = 2 mm, L 2 = 240 m, D 2 — 1 m, e 2 = 0.3 mm, 
v = 3 x 10 6 m 2 /s, and H — 6 m. Determine the discharge through the system. 

I Pi/y + v\/2g + z, =p 2 /y + v\/2g + z 2 + h L h L = h f +h m h f = (f)(L/d)(v 2 /2g) 

Assume/, = 0.026 and/ 2 = 0.015. v 2 = [(^)/l] 2 (u,) = 0.3600k„ h f = 0.026[300/(^)]{k?/((2)(9.807)]} + 
(0.015)(240/1){(0.3600k,)7[(2)(9.807)]}= 0.6866k?. 

For entrance: h m = (K)(v 2 /2g) = 0.5{k?/[(2)(9.807)]} = 0. 02549k?. 

For exit: h m = 1.0{k?/[(2)(9.807)]} = 0.05098k? = (0.05098)(0. 3600k,) 2 = 0.006607k?. 

For sudden contraction: 

h m = (k, - v 2 ) 2 /2g = (v, - 0.3600 i/,) 2 /[(2)(9.807)] 

= 0.02088u?(/» m ) tota , = 0.02549u 2 + 0.006607 k 2 + 0.02088k? = 0.05298k? 
h L = 0.6866k? + 0.05298k? = 0.7396k? 0 + 0 + 6 = 0 + 0 + 0 + 0.7396k? k, = 2.848 m/s 

k 2 = (0.3600)(2.848) = 1.025 m/s 

N r = dv/v (JV*), = ®)(2.848)/(3 x lO -6 ) = 5.70 x 10 5 (N R ) 2 = (l)(1.025)/(3 x 10~ 6 ) = 3.42 x 10 5 

{eld\ = = 0.00333 (e/d) 2 = (0.3/1000)/1 = 0.000300 

From Fig. A-5, / = 0.0265 and/ 2 = 0.0168. 

h f = 0.0265(300/ Cress)] {k?/[(2)(9. 807)]} + (0.0168)(240/1){(0.3600k,) 2 /[(2)(9.807)]} = 0.7022k? 

/«,, = 0.7022k? + 0.05298k? = 0.7552k? 0 + 0 + 6 = 0 + 0 + 0 + 0.7552k? k, = 2.819 m/s 

An additional iteration (not shown) gives no significant change in k,. Q=Av = [(^)(^j) 2 /4](2.819) = 

0.797 m 3 /s. 



Fig. 10-5 

10.23 Solve Prob. 10.22 by means of equivalent pipes. 

f Expressing the minor losses in terms of equivalent lengths gives for pipe 1: X, = 0.5 + [1 - (ms) 2 ] 2 = 0.9096, 
(L.), = KfDJfi = (0.9096)(S)/0.026 = 20.99 m; and for pipe 2: K 2 = 1.0, {L e ) 2 = K 2 D 2 /f 2 = (1.0)(1)/0.015 = 
66.67 m. The values of / and/ are selected for the fully turbulent range as an approximation. The problem 
is now reduced to 300 + 20.99, or 320.99 m of 600-mm pipe and 240 + 66.67, or 306.67 m of 1-m pipe. 
Expressing the 1-m pipe in terms of an equivalent length of 600-m pipe, L e = (///,)(L 2 )(D,/D 2 ) 5 = 

(0.015/0.026)(306.67)[(^jgg)/l] 5 = 13.76 m. By adding to the 600-mm pipe, the problem is reduced to finding the 
discharge through 320.99 + 13.76, or 334.75 m of 600-mm pipe, e, = 2 mm, H = 6 m: h f = D)(v 2 /2g), 

6 = (/)[334.75/(^)]{k7[(2)(9.807)]}, k = 0.4593/Vf- Try / = 0.026: v = 0.4593/VO026 = 2.848 m/s, N R = 
Dv/v = Cress)(2.848)/(3 x 10~ 6 ) = 5.70 x 10 s , Fr om Fig. A-5, with N R = 5.70 x 10 5 and e/D = 0.00333, 

/ = 0.0265. Try/ = 0.0265: v = 0.4593/V0.0265 = 2.821 m/s, N R = (^)(2.821)/(3 x 10” 6 ) = 5.64 x 10 5 , 

/ = 0.0265 (O.K.); Q=Av = [(n:)®) 2 /4](2.821) = 0.798m7s. 

10.24 Two reservoirs are connected by three clean cast iron pipes in series: L, = 300 m, D, = 200 mm; L, = 400 m, 

D 2 = 300 mm; L 3 = 1200 m, D 3 = 450 mm. If the flow is 360 m 3 /h of water at 20 °C, determine the difference in 
elevation of the reservoirs. 

I v = Q/A k, = (360/3600)/[(^)(0.200)74] = 3.183 m/s 

k 2 = (360/3600)/[(jt)( 0. 300) 2 /4] = 1.415 m/s k 3 = (360/3600)/[(jr)(0.450) 2 /4] = 0.6288 m/s 
N r = Dv/v (A/r), = (0.200)(3.183)/(1.02 x 10 -6 ) = 6.24 x 10 5 
(N r ) 2 = (0.300)(1.415)/(1.02 x 10" 6 ) = 4.16 x 10 5 (N R ) 3 = (0.450)(0.6288)/(1.02 x 10 6 ) = 2.77 x 10 s 

(e/D), = 0.00026/0.200 = 0.00130 (e/D) 2 = 0.0026/0.300 = 0.000867 

(e/D) 3 = 0.00026/0.450 = 0.000578 

From Fig. A-5,/, = 0.0215, f 2 = 0.020, and/ 3 = 0.0185. H = h f = ( f)(L/D)(v 2 /2g) = 

0.0215(300/0.200]{3.183 2 /[(2)(9.807)]} -I- 0.020[400/0.300]{1.415 2 /[(2)(9.807)]} + 

0.0185(1200/0.450]{0.6288 2 /[(2)(9.807)]} = 20.37 m. 
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10.25 Solve Prob. 10.24 by the method of equivalent lengths, 
f Express pipes 2 and 3 in terms of pipe 1: 

L e = (/ 2 //,)(L 2 )(D,/D 2 ) 5 

(L e ) 2 = (0.020/0.0215)(400)(!i) 5 = 49.00 m (L,) 3 = (0.0185/0.0215)(1200)(|g) 5 = 17.91 m 
(L,) tota i = 300 + 49.00 + 17.91 = 366.9 m 

H = h f = (f)(L/D)(v 2 /2g) = 0.0215[366.9/0.200] {3.183 2 /[(2)(9.807)]} = 20.37 m 

10.26 Air at atmospheric pressure and 60 °F is carried through two horizontal pipes (e = 0.06 in) in series. The 
upstream pipe is 360 ft of 24 in diameter, and the downstream pipe is 120 ft of 36 in diameter. Estimate the 
equivalent length of 18-in (e = 0.003 in) pipe. Neglect minor losses. 

I e/D, = 0.06/24 = 0.0025 e/D 2 = 0.06/36 = 0.00167 

From Fig. A-5, assuming high Reynolds numbers, /, = 0.025 and/ 2 = 0.022. 

L e = (0.025// 3 )(360)(i) 5 + (0.022// 3 )(120)(H) 5 = 2.218 // 3 
e 3 /D 3 = 0.003/18 = 0.000167 / 3 = 0.013 L c = 2.218/0.013 = 171 ft 


10.27 What pressure drop is required for flow of 6000 ft 3 /min in Prob. 10.26? Include losses due to sudden expansion. 
I h L = h f + h m h f = (f){L/D)(y 2 /2g) 

From Prob. 10.26, e/D, = 0.0025, e/D 2 = 0.00167. 

= q/Ai = (tD/mmf/q = 31.83 ft/ s u 2 = q/a 2 =(^)/[(*x?§) 2 /4]=u .15 ft/ s 

N R = Dv/v (N„), = (ft)(31-83)/(l.58 x 10“ 4 ) = 4.03 x 10 5 (N R ) 2 = (f§)(14.15)/(1.58 x 10-“) = 2.69 X 10 5 

From Fig. A-5, /, = 0.025 and f 2 = 0.022. 

h f = 0.025[360/(f|)]{31.83 2 /[(2)(32.2)]} + 0.022[120/(ff)] {14.15 2 /[(2)(32.2)]} = 73.53 ft 
h m = (n, - v 2 ) 2 i2g = (31.83 - 14.15) 2 /[(2)(32.2)] = 4.85 m /t,. = 73.53 + 4.85 = 78.38 ft 

Ap = yh y= p/RT 

y = (14.7)(144)/[(53.3)(460 + 60)] = 0.07637 lb/ft 3 A p = (0.07637)(78.38) = 5.99 Ib/ft 2 


10.28 Two pipes, D, = 3 in, L, = 300 ft, and D 2 = 2 in, L 2 = 180 ft, are joined in series with a total pressure drop of 
3 lb/in 2 . What is the flow rate of syrup (p = 1.78 slugs/ft 3 , p = 0.00606 lb • s/ft 2 ) at 20 °C? 

I h f = A ply = A p/pg = (3)(144)/[(1.78)(32.2)] = 7.537 ft 

Assume laminar flow 


128pLQ 7 (128)(0.00606)(300)(G) (128)(0.00606)(180)(Q) 

7 " npgD* ~ (?r)(1.78)(32.2)(n) 4 + (tt)(1.78)(32.2)(^) 4 

Computation of N R (not shown) indicates the flow is indeed laminar. 


G=0.00564 ft 3 /s 


10.29 Convert the piping system shown in Fig. 10-6 to an equivalent length of 6-in pipe. 

I PaIv + v 2 j2g + z A = pjy + V 2 J2g + z M + h L h L = h f + h m 

h f = (f)(L/d)(V 2 /2g) = 0.025[150/(ii)] { Vf 2 /[(2) (32.2)]} + 0.020[100/(^)]{V?/[(2)(32.2)]} 

= 0.05823F 2 2 + 0.06211 Vi 

h m = (K)(V 2 /2g) = [8.0 + (2)(0.5) + 0.7 + 1.0]{V 2 2 /[(2)(32.2)]} 

+ [0.7 + 6.0 + (2)(0.5) + 3.0 + 1.0] {1^1/[(2) (32.2)]} 

= 0.1661V , 2 + 0.18171^6 

h L = 0.05823V ,2 + 0.06211Vl + 0.1661Vf 2 + 0.1817Vi = 0.2243V?, + 0.2438V1 
0-t-0+/t=0 + 0 + 0 + 0.2243V?, + 0.2438V? V 12 = (^) 2 (V 6 ) = 0.2500V 6 

h = (0.2243) (0.2500I4) 2 + 0.2438V? = 0.2578V? 

For a 6-in equivalent pipe, h = 0.020[L,/(^)]{V?/[(2)(32.2)]} = 0.0006211L.V?, 0.2578V? = 0.0006211L.V?, 
L. = 415 ft. 
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Factors K 

Strainer B = 8.0 

12" Bends C, F (each) = 0.5 

12" Tee D = 0.7 

12" Valve E = 1.0 

12" x 6" Cross G (x Vl/2g) = 0.7 

6" Meter// = 6.0 

6" Bends J, K (each) = 0.5 

6" Valve L = 3.0 

Fig. 10-6 

10 JO For the compound piping system described in Prob. 10.12, what flow will be produced for a total head loss of 
70.0 ft? 

f From Prob. 10.12,13 540 ft of 16-in pipe is equivalent to the compound system. For a head loss of 70.0 ft, 
h\ = 70.0/13 540 = 0.00517. From Fig. A-13, Q = 6.3 cfs. This is for C = 120. For new cast iron pipe (C = 130), 
Q — (i§B)(6.3) = 6.8 cfs. 

10.31 For the system shown in Fig. 10-7, when the flow from reservoir A to main D is 3.25 mgd, the pressure at D is 
20.0 psi. The flow to D must be increased to4.25 mgd with the pressure at 40.0 psi. What size pipe, 5000 ft long, 
should be laid from B to C (shown dashed) parallel to the existing 12-in pipe to accomplish this? 

f The elevation of reservoir A can be determined as follows: Q = (3.25 x 10 6 )/[(7.48)(86 400)] = 5.03 cfs. 

From Fig. A-13, (hi) i6 = 0.0038 ft/ft, (/i,)i 2 = 0.0150 ft/ft. These values of h, are for C = 120; they must be 
adjusted for C = 100: 

(*i)w = ($0(0-0038) = 0.0046 ft/ft (/i,)i2 = ($0(0.0150) = 0.018 ft/ft 
(h f ) 16 = (0.0046)(8000) = 36.8 ft (h f ) 12 = (0.018)(5000) = 90. Oft (h f ) loul = 36.8 + 90.0 = 126.8 ft 

The hydraulic grade line drops 126.8 ft to an elevation of 46.2ft above D (the equivalent of 20.0 psi). Thus 
reservoir A is 126.8 + 46.2, or 173.0 ft above point D. For a pressure of 40.0 psi, the elevation of the hydraulic 
grade line at D will be 92.4 ft above D, or the available head for the flow of 4.25 mgd will be 173.0 — 92.4, or 
80.6 ft. In the 16-in pipe with Q = 4.25 mgd, or 6.58 cfs, (/i,)i 6 = 0.0062 ft/ft for C = 120. 

For C = 100: ( h,) 16 = ($0(0.0062) = 0.0074ft/ft, (h f ) 16 = (0.0074)(8000) = 59.2ft, (h f ) BXoC = 80.6 - 59.2 = 

21.4 ft. 

For the existing 12-in pipe: (fii) 12 = 21.4/5000 = 0.0043 ft/ft, Q 12 - 2.7 cfs for C = 120. 

For C = 100, Q 12 = ($i)(2.7) = 2.3 cfs. The flow in the new pipe must be 6.58 - 2.3, or 4.28 cfs with an available 
head (drop in the hydraulic grade line) of 21.4ft from B to C. h t = 21.4/5000 = 0.0043 ft/ft. From Fig. A-13, 

D = 14 in, approximately. 








CHAPTER 11 

Parallel Pipeline Systems 



11.1 Figure 11-1 shows a looping pipe system. Pressure heads at points A and E are 70.0 m and 46.0 m, respectively. 
Compute the flow rate of water through each branch of the loop. Assume C = 120 for all pipes. 

I (h f ) A -E = 70.0 - 46.0 = 24.0 m. From Fig. A-14, for pipe ABE, with h, = 24.0/3000, or 0.0080 m/m, and 
D = 300 mm, Q ABE = 0.105 m 3 /s. For pipe ACE, with /i, = 24.0/1300, or 0.0185 m/m, and D = 200 mm, 

Q A ce = 0.056 m 3 /s. For pipe ADE, with /i, = 24.0/2600, or 0.0092 m/m, and D = 250 mm, Q ADE = 0.070 m 3 /s. 



2600 m, 250-nun diameter Fig. 11-1 


11.2 A looping concrete pipe system is shown in Fig. 11-2. The total flow rate of water is 18.0 cfs. Determine the 
division of flow and the loss of head from point B to point E. 

f Assume a head loss of 20 ft from point B to point E. With (h,) BCE — si®, or 0.0040 ft/ft and D = 15 in, 
Qbce = 4.75 cfs. With (h,) BDE = or 0.0050 ft/ft and D = 18 in, Q BDE = 8.60 cfs. Fraction of flow through 
pipe BCE = 4.75/(4.75 + 8.60) = 0.356. Fraction of flow through pipe BDE = 8.60/(4.75 + 8.60) = 0.644. 
Qbce = (18.0)(0.356) = 6.4 cfs, Q BI)E = (18.0)(0.644) = 11.6 cfs. With Q BCE = 6.4 cfs and D = 15 in, (hi) B _ E = 
0.0070 ft/ft. {h f ) B . E = (0.0070)(5000) = 35.0 ft. 


_c_ 

f 5000 ft, 15-In diameter ''N 


3000 ft, 30-in diameter 
A Q = 18 ft J /s 


4000 ft, 24-in diameter 
■ e = i8ft j /s 


F 


V_ O _ J 

4000 ft, 18-in diameter 


Fig. 11-2 


11.3 The discharge of water in the concrete pipe looping system shown in Fig. 11-3 if 15.0 ft 3 /s. Compute the head 
loss from point A to point G. 

f With Q a _ b = 15.0 cfs and D = 30 in, {h x ) A „ B = 0.00116 ft/ft. With Q FG = 15.0 cfs and D = 24 in, (h^ = 
0.00345 ft/ft. {h f ) AB = (0.00116)(2500) = 2.90 ft, (h f ) FG = (0.00345)(3000) = 10.35 ft. Assume (h f ) BF = 30 ft. 
With D = 18 in and (h l ) BCF = iig = 0.020 ft/ft, Q BCF = 18.1 cfs. With D = 12 in and (/i,W = rio = 0.030 ft/ft, 
Qbdf = 7.7 cfs. With D = 15 in and (h,) BEF = = 0.015 ft/ft, Q BEF = 9.6 cfs. Fraction of flow through pipe 

BCF = 18.1/(18.1 +7.7 + 9.6) = 0.511, fraction of flow through pipe BDF = 7.7/(18.1 + 7.7 + 9.6) = 0.218, 
fraction of flow through pipe BEF = 9.6/(18.1 + 7.7 + 9.6) = 0.271; Q BCF = (15.0)(0.511) = 7.67 cfs. With 
Q bcf = 7.67 and D = 18 in, (/t,) BC F = 0.0040 ft/ft. (h f ) B _ F = (0.0040)(1500) = 6.00 ft; (h f ) A ^ = (h f ) AB + 

(h f ) B - F + (h f ) FO = 2.90 + 6.00 + 10.35 = 19.25 ft. 


278 
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2000 ft, 15-in diameter Kg. 11-3 

11.4 If the flow rate of water through the pipe system shown in Fig. 11-4 is 0.050 m 3 /s under total head loss of 9.0 m, 
determine the diameter of pipe C. Assume a C coefficient of 120 for all pipes. 

f With Q a = 0.050 m 3 /s and D A = 200 mm, (h,) A = 0.015 m/m and (h f ) A = (0.015)(300) = 4.50 m. With 
Qo - 0.050 m 3 /s and D d = 250 mm, (h x ) D = 0.0049 m/m and (h f ) D = (0.0049)(510) = 2.50 m. (h f ) B = {h f ) c = 

9.0 - 4.50 - 2.50 = 2.00 m. With (h x ) B = 2.00/266 = 0.0075 m/m, Q g = 0.019 m 3 /s. Q c = 0.050 - 0.019 = 

0.031 m 3 /s. With Q c = 0.031 m 3 /s and (fcOc = 2.0/190 = 0.0105 m/m, D c = 180 mm. 


Pipe B 



190 m Kg. 11-4 

1L5 For the looping pipe system shown in Fig. 11-5, the head loss between points A and F is 160.0 ft of water. 
Determine the flow rate of water in the system. Assume C = 120 for all pipes. 

f Assume a head loss of 12 ft from point B to point E. With (h x ) BCE = 4555 = 0.0030 ft/ft and D = 15 in, 

Qbce — 4-0 Cfs. With Qii)bde — 3555 = 0.0040 ft/ft and D = 12 in, Q BD e = 2.6 cfs. Fraction of flow through pipe 
BCE = 4.0/(4.0 + 2.6) = 0.606; fraction of flow through pipe BDE = 2.6/(4.0 + 2.6) = 0.394; Q AB = Q EF = 

4.0 + 2.6 = 6.6 cfs. With Q AB = 6.6 cfs and D = 24 in, (h,) AB = 0.00075 ft/ft; {h f ) AB = (0.00075)(8000) = 6.0 ft. 
With Q ef = 6.6 cfs and D = 18 in, (h x ) EF = 0.0030 ft/ft; ( h f ) EF = (0.0030)(6000) = 18.0 ft. Fraction of total head 
loss through pipe AB = 6.0/(6.0 + 12.0 + 18.0) = 0.167, fraction of total head loss from B to E = 12.0/(6.0 + 

12.0 + 18.0) = 0.333, fraction of total head loss through pipe EF — 18.0/(6.0 + 12.0 + 18.0) = 0.500. Actual head 
losses are, therefore, (h,) AB = (160)(0.167) = 26.72 ft, (h f ) B . E = (160)(0.333) = 53.28 ft, (h f ) EF = (160)(0.500) = 
80.00 ft. With (hi) AB = 26.72/8000 = 0.00334 ft/ft and D = 24 in, Q AB = 14.5 cfs. With {h x ) EF = 80.00/6000 = 
0.0133 ft/ft and D = 18 in, Q EF = 14.5 cfs. Q BCE = (14.5)(0.606) = 8.8 cfs, Q BDE = (14.5)(0.394) = 5.7 cfs. 



3000 ft, 12-in diameter Kg. 11-5 

11.6 A flow of 570 L/s is proceeding through the pipe network shown in Fig. 11-6. For a pressure of 690 kPa at node 
A, what pressure may be expected at node B1 Neglect minor losses. Take p = 1000 kg/m 3 . 

I Pa/ y + v\/2g + z A = p B /y + v 2 „/2g + z B + h L . Assume that a flow Q[ of 170 L/s is proceeding through 
branch 1. 

h f = {f){L/D){v 2 l2g) tt a = Q; = (^)/[(^)®) 2 /4] = 2.405 m/s N R = Dv/v 
(N*)i = (w>)(2.405)/(0.0113 x 10~ 4 ) = 6.38 X 10 5 e/A = 0.00026/®) = 0.00087 
From Fig. A-5,/ = 0.0198. h L = (h f ) t = 0.0198[600/®)]{2.405 2 /[(2)(9.807)]} = 11.68 m. For branch 1, 

PaH + (vl)J2g + 6 =p B /y + (wi) b / 2g + 15 + 11.68 (vj)J2g = (vj) B /2g [( p A -p B )/y ]i = 20.68 m 
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Using this pressure head, which must be the same for each loop, for branch 2, 

20.68 + (vl)J2g + 6 = (vl)„/2g + 15 + (h f ) 2 (v 2 2 )J2g = (vl) B /2g (h f ) 2 = 11.68 m 

11.68 =/ 2 [460/(^)]{t>l/[(2)(9.807)]} = 49.90/ 2 «l (e/D) 2 = 0.00026/(^0 = 0.00055 

Estimate f 2 = 0.018. 

11.68 = (49.90)(0.018)(u 2 ) v 2 = 3.606 m/s 

Qi = A 2 v 2 = [(^)(t 5®) 2 /4](3.606) = 0.6256 m 3 /s or 625.6 L/s 

Now the desired actual flows Q, and Q 2 may be computed so as to maintain the ratio Q',/Q 2 and to satisfy 
continuity so that Q, + Q 2 = 570 L/s. 

Q, = [170/(625.6 + 170)] (570) = 121.8 L/s Q 2 = [625.6/(625.6 + 170)](570) = 448.2 L/s 
v, = (121.8/1000)/[(^)(^) 2 /4] = 1.723 m/s v 2 = (448.2/1000 )/[(jt)(^) 2 /4] = 2.583 m/s 

(Nr)i = (lift) (1.723)/(0.0113 X 10- 4 ) = 4.57 x 10 s (N R ) 2 = (^)(2.583)/(0.0113 X 10" 4 ) = 1.07 x 10 6 

/, = 0.0198 f 2 • 0.0180 (hf), = 0.0198[600/®)]{1.723 2 /[(2)(9.807)]} = 5.99 m 

Pa/y + (vl) A /2g + 6 -Pb/y + (v?)fl/2g + 15 + 5.99 [(p A ~p b )/y] 1 = 14-99 m 

0 h f ) 2 = 0.0180[460/(^§j)] (2.583 2 /[(2)(9.807)]} = 5.99 m 
Pa/y + (vDa/Z g + 6 =Pb/y + (vI)b/ 2g +15 + 5.99 
[(Pa -Ps)/y] 2 = 14.99 m [(690-p fl )/9.79] = 14.99 p fl = 543 kPa 


11.7 



The system shown in Fig. 11-7 receives at A 66 ft 3 /min of water at a pressure of 95 psig. Neglecting minor losses, 
find the pressure at B. The pipe is commercial steel and p = 2.11 x 10~ 5 lb • s/ft 2 . 

I Pa/y + v%/ 2g + z A =pdY + v 2 c /2g + z c + h L . 

Assume that a flow Q[ of 30 ft 3 /min = 0.5 ft 3 /s is proceeding through branch 1. 

h f = (f)(L/D)(v 2 /2g) v, = Q’JA, = 0.5/[(*;)(£) 2 /4] = 2.546 ft/s N R = pDv/p 
(AT*), = (1.94)(&)(2.546)/(2.11 x 10“ 5 ) = 1.17 x 10 5 e/D, = 0.00015/(£) = 0.00030 
From Fig. A-5, / = 0.0195. h L = (h f ), = 0.0195[(35 + 1200 + 35)/(£)]{2.546 2 /[(2)(32.2)]} = 4.985 ft. 

For branch 1, pjy + (v\)J2g + 0 =p B /y + (v 2 ) B /2g + 0 + 4.985, (v 2 ,) A /2g = (v\) B /2g, [(p A -p B )/y], = 

4.985 ft. Using this pressure head, which must be the same for each loop, for branch 2, 

4.985 + (vl)J2g + 0 = (v 2 2 ) B /2g + 0 + (h f ) 2 (vl)J2g = (v 2 2 ) B /2g (h f ) 2 = 4.985 ft 

4.985 = / 2 [(35 + 1200 + 35)/( ft)] {w|/[(2)(32.2)]} = 29.58 \f 2 v\ ( e/D) 2 = 0.00015/(&) = 0.000225 

Estimate/^ = 0.018. 

4.985 = (29.58)(0.018)(u|) v 2 = 3.060 ft/s Q' 2 = A 2 v 2 = [(jr)(£) 2 /4](3.060) = 1.068 ft 3 /s 

Now the desired actual flows Q, and Q 2 may be computed so as to maintain the ratio Q'JQ 2 and to satisfy 
continuity so that Q, + Q 2 = 66 ft 3 /min = 1.1 ft 3 /s. 

Q, = [0.5/(0.5 + 1.068)](1.1) = 0.3508 ft 3 /s Q 2 = [1.068/(0.5 + 1.068)](1.1) = 0.7492 ft 3 /s 

v, = (0.3508)/[(jt)(&) 74] = 1.787 ft/s v 2 = (0.7492)/[(jr)(ft) 2 /4] = 2.146 ft/s 
(N R ), = (1.94)(&)(1.787)/(2.11 X 10~ 5 ) = 8.22 x 10 4 (N R ) 2 = (1.94)(£)(2.146)/(2.11 x 10~ 5 ) = 1.32 X 10 5 

/, = 0.0205 f 2 = 0.0190 (h f ), = 0.0205[(35 + 1200 + 35)/(&)]{1.787 2 /[(2)(32.2)]} = 2.582 ft 
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Pa/y + (v 2 )J2g + 0 -pc/y + ( v])c/2g + 0 + 2.582 [(p A - p B )/y ], = 2.582 ft 
(h/h = 0.0190[(35 + 1200 + 35)/(£)]{2.146 2 /[(2)(32.2)]} = 2.588 ft 
PaIy + (vl)J2g + 0 =p c /y + (vl) c /2g + 0 + 2.588 [(p A - p c )/y] 2 = 2.588 ft 
[(95 — Pc)(144)/62.4] = 2.588 ft p c = 93.9 lb/in 2 

For pipe CB, 

v = QIA = l.l/[(*)(£) 2 /4] = 3.151 ft/s N R = (1.94)(£)(3.151)/(2.11 x KT 5 ) = 1.93 x 10 5 f = 0.0178 
h f =0.0178[3200/(ft)]{3.151 2 /[(2)(32.2)]} = 13.17 ft p B = 93.9 - (13.17)(62.4)/144 = 88.2 psig 


Fig. 11-7 

Repeat Prob. 11.7 using nominal pipe sizes (6.065 in and 7.981 in diameters) and supposing an open globe valve 
in the 8-in pipe just before B. The fittings are all screwed fittings. Use K = 0.45 for a 6-in standard tee, 0.30 for 
elbows, and 4.8 for the globe valve. 

I p A ly + v\/2g + z A = pciy + v 2 c /2g + z c +h L . Assume that a flow Q\ of 0.5 ft 3 /s is proceeding through 
branch 1. 

h L = h f + h m h f = (f)(L/D)(v 2 /2g) v, = Q[/A t = 0.5/[(*)(6.065/12) 2 /4] = 2.492 ft/s 
N r = pDv/p (N r \ = (1.94)(6.065/12)(2.492)/(2.11 x 10“ 5 ) = 1.16 x 10 5 e/D, = O.OOOIS/^) = 0.00030 
From Fig. A-5, / = 0.0198. 

(hf), = 0.0198[(35 + 1200 + 35)/(6.065/12)]{2.4927[(2)(32.2)]} = 4.798 ft 
h m = (K)(v 2 /2g) (h m ), = [(2)(0.30) + (2)(0.45)] {2.492 z /[(2)(32.2)]} = 0.145 ft 

(/!,.), = 4.798 + 0.145 = 4.943 ft 

For branch 1, 

pjy + (v 2 i) A /2g + 0 =p B /y + (v])b/ 2g + 0 + 4.943 ( v]) A /2g = (v 2 t ) B /2g [( p A ~p B )/y ]i = 4.943 ft 

Using this pressure head, which must be the same for each loop, for branch 2, 

4.943 + (vl) A /2g + 0 = (u|) s /2g + 0 + (h L ) 2 (v 2 2 )J2g = (vl) B /2g (h L ) 2 = 4.943 ft 

4.943 =/ 2 [(35 + 1200 + 35)/(7.981/12)]{v|/[(2)(32.2)]} + [(2)(0.30) + (2)(0.45)] {v|/[(2)(32.2)]} 

= 29.65 f 2 v\ + 0.02329u| 

(e/D) 2 = 0.00015/(7.981/12) = 0.000226 

Estimate f 2 = 0.018. 

4.943 = (29.65)(0.018)(u|) + 0.02329u 2 v 2 = 2.979 ft/s Q' 2 = A 2 v 2 = [(x)(7.981/12) 2 /4](2.979) = 1.035 ft 3 /s 

Now the desired actual flows Q, and Q 2 may be computed so as to maintain the ratio Q[/Q 2 and to satisfy 
continuity so that Q, + Q 2 = 1.1 ft 3 /s. 

Q, = [0.5/(0.5 + 1.035)](1.1) = 0.3583 ft 3 /s Q 2 = [1.035/(0.5 + 1.035)](1.1) = 0.7417 ft 3 /s 
v, = (0.3583)/[(;r)(6.065/12) 2 /4] = 1.786 ft/s v 2 = (0.7417)/[(^)(7.981/12) 2 /4] = 2.135 ft/s 
(N r ), = (1.94)(6.065/12)(1.786)/(2.11 x lO' 5 ) = 8.30 x 10 4 
(N r ) 2 = (1.94)(7.981/12)(2.135)/(2.11 x 10 5 ) = 1.31 X 10 5 
/,= 0.0205 / 2 = 0.019 
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(h f ) x = 0.0205[(35 + 1200 + 35)/(6.065/12)] {1.786 2 /[(2)(32.2)]} = 2.551 ft 
(h m ), = [(2)(0.30) + (2)(0.45)] {1.786 2 /[(2)(32.2)]} = 0.074 ft (*„), = 2.551 + 0.074 - 2.625 ft 
pJY + {v\)J2g + 0 = p c /y + (vl) c /2g + 0 + 2.625 [(p A -p B )/yh = 2.625 ft 
(h f ) 2 = 0.019[(35 + 1200 + 35)/(7.981/12)] {2.135 2 /[(2)(32.2)]} = 2.568 ft 
(h m ) 2 = [(2) (0.30) + (2)(0.45)] {2.135 2 /[(2)(32.2)]} = 0.106 ft 
(h L ), = 2.568 + 0.106 = 2.674 ft pjy + (vl)J2g + 0=p c /y + (u|) c /2 g + 0 + 2.674 
1(Pa~Pc)/y] 2 = 2.674 ft [(95-p c )(144)/62.4] = 2.674 ft p c = 93.8 lb/in 2 

For pipe CB, 

u = Q/A — 1.1/[(jt)( 7.981/12) 2 /4] = 3.166 ft/s N R = (1.94)(7.981/12)(3.166)/(2.11 x 10~ 5 ) = 1.94 x 10 s 
/ = 0.0178 h f = 0.0178(3200/(7.981/12)]{3.166 2 /[(2)(32.2)]} = 13.33 ft 
h m = 4.8(3.166 2 /[(2)(32.2)]} = 0.75 ft h L = 13.33 + 0.75 = 14.08 ft 
p B = 93.8 - (14.08)(62.4)/144 = 87.7 lb/in 2 

11.9 A two-branch, commercial steel pipe system (Fig. 11-8) delivers 0.42 m 3 /s of water at 5 °C. The pressure at B is 
22 kPa gage. What is the pressure at A? Neglect minor losses. 

I Pa/y + v A /2g + z A = p B /y + u|/2 g + z B + h L . Assume that a flow Q[ of 0.20 m 3 /s is proceeding through 
branch 1. 

h f = (f)(L/D)(v 2 /2g) (Ui) 25 o = Q't/Ai = 0.20/[(^r)(0.250) 2 /4] = 4.074 m/s 

(uOzoo = Q'JAi = 0. 20/[(jt)( 0.200) 2 /4] = 6.366 m/s N R = Dv/v 

[(A^)i] 2 so = (0.250)(4.074)/(1.52 X 10“ 6 ) = 6.70 x 10 s (e/A)^ = 0.000046/0.250 = 0.000184 

From Fig. A-5, (/i) 250 = 0.015. 

[(Mf)i] 2 oo = (0.200)(6.366)/(1.52 x lO" 6 ) = 8.38 x 10 5 (e/D^ m = 0.000046/0.200 = 0.00023 (/,) 20 o = 0.015 

h L = 0.015[(60 + 110 + 40)/0.250]{4.074 2 /[(2)(9.807)]} + 0.015[(110 + 40)/0.200]{6.366 2 /[(2)(9.807)]} = 33.91 m 
For branch 1, 

Pa/y + (v\)J2g + 0 =p B /y + (v\) B /2g + 0 + 33.91 iv\)J2g = (v]) B /2g [(p A ~p b )/y ]i = 33.91 m 
Using this pressure head, which must be the same for each loop, for branch 2, 

33.91 + (vl)J2g + 0 = (v 2 2 ) b / 2g + 0 + (h f ) 2 ( vl)J2g = (v 2 2 ) B /2g (h f ) 2 = 33.91 m 

33.91 =/ 2 [(20 + 220)/0.200]{vl/[(2)(9.807)]} = 61.18 fv\ ( e/D) 2 = 0.000046/0.200 = 0.00023 

Estimate f 2 = 0.015. 

33.91 = (61. 18)(0.015)(u 2 ) v 2 = 6.079 m/s Q' 2 = A 2 v 2 = [(jt)( 0.200) 2 /4](6.079) = 0.1910 m 3 /s 

Now the desired actual flows Q x and Q 2 may be computed so as to maintain the ratio Q'JQ 2 and to satisfy 
continuity so that Q x + Q 2 = 0.42 m 3 /s. 

g, = [0.20/(0.20 + 0.1910)](0.42) = 0.2148 m 3 /s Q 2 = [0.1910/(0.20 + 0.1910)](0.42) = 0.2052 m 3 /s 

(uOzso = 0. 2148 /[(jt)( 0. 250) 2 /4] = 4.376 m/s (v t ) 2m = (0.2148)/[(jt)( 0.200) 2 /4] = 6.837 m/s 

v 2 = (205.2/1000)/[(ar)(0.200) 2 /4] = 6.532 m/s 

Since the assumed value of Q, is close to 0.2148 m 3 /s, the values of/of 0.015 should be close enough. 

(hf), = 0.015[(60 + 110 + 40)/0.250] (4.376 2 /[(2)(9.807)]} 

+ 0.015[(110 + 40)/0.200] (6.837 2 /[(2)(9.807)]} = 39.11 m 
Pa/y + (v\)a/ 2g + 0 = p B /y + (v]) b / 2g + 0 + 39.11 [(p A -p s )/y] j = 39.11 m 

( h f ) 2 = 0.015[(20 + 220)/0.200] (6.532 2 /[(2)(9.807)]} = 39.16 m 
Pa/y + ( v l) A /2g +0=p B /y + (u|)s/2g + 0 + 39.16 [{p A -p s )/y] 2 = 39.16m 

These values of [{p A — p B )/y] are close enough, so take an average value of (39.11 + 39.16)/2, or 39.14 m: 

(p A - 22)/9.19 = 39.14, p A = 405 kPa. 
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11.10 The vertical, commercial steel pipe system shown in Fig. 11-9 (D = 300 mm throughout) carries 0.82 m 3 /s of 
water. Find the pressure drop between A and B if B is 100 m higher than A. Neglect minor losses. The water is 
at 5 °C. 

I p A ly + v 2 A l2g + z A =p B ly + v 2 J2g + z B + h L 

For branch I: Estimate Q[ = 0.25 m 3 /s, h f = (f)(L/D)(v 2 /2g). Let / = 0.014: v{ = Ql/A, = 

0.25/[(jr)(0.300) 2 /4] = 3.537 m/s, h, = 0.014[(250 + 550 + 250)/0.300]{3.537 2 /[(2)(9.807)]} = 31.25 m, pjy + 
v 2 J2g + 0 = p B ly + v\/2g + 100 + 31.25, v A /2g = v 2 J2g, ( p A -p B )/y = 131.25 m. 

For branch n: Let/ = 0.015: h f = 0.015[550/0.300]{(t> 1 ',) 2 /[(2)(9.807)]} = (1.402)(v,',) 2 , pjy + v 2 J2g + 0 = 
PbIy + t's/2g + 100 + (1.402)(t>n) 2 , ( p A ~p B )/y = 100 + (1.402)(w{,) 2 . Use ( p A ~p B )ly= 131.25 m. 131.25 = 

100 + (1.402)(w I ' I ) 2 , vl , = 4.721 m/s. 

For branch III: Let/ = 0.013: h f = 0.013[(350 + 550 + 350)/0.300|{(u I ', 1 ) 2 /[(2)(9.807)]} = (2.762)(u,'„) 2 , p A ly + 
v 2 J2g + O^pjy + v%/2g + 100 + (2.762)(u;„) 2 , (p A -p B )/y = 100 + (2.762 )(v{ u ) 2 . Use (p A -p B )/y = 

131.25 m. 131.25 = 100 + (2.762)(uJ„) 2 , u{„ = 3.364 m/s. The new values of Q are Q, = 250 L/s; 

Q„ = [(jr)(0.300) 2 /4](4.721) = 0.3337 m 3 /s, or 333.7 L/s; Gin = [(^)(0.300) 2 /4](3.364) = 0.2378 m 3 /s, or 
237.8 L/s. Find new values of Q: Q l = [250/(250 + 333.7 + 237.8)](820) = 249.5 L/s, Q„ = [333.7/(250 + 

333.7 + 237.8)](820) = 333.1 L/s, Q m = [237.8/(250 + 383.4 + 237.8)](820) = 237.4 L/s. 

For branch I: v, = (249.5/1000)/[(^r)(0.300) 2 /4] = 3.530 m/s, N R = Dv/v = (0.300)(3.530)/(1.52 x 10 6 ) = 

6.97 X 10 5 , e/D = 0.000046/0.300 = 0.00015. From Fig. A-5, / = 0.0146. 

For branch H: v„ = (333.1 / 1000)/[(^r)(0.300) 2 /4] = 4.712 m/s, N R = (0.300)(4.712)/(1.52 x 10“ 6 ) = 9.30 x 10 5 , 

/ = 0.0141. 

For branch III: v m = (237.4/1000)/[(^)(0.300) 2 /4] = 3.359 m/s, N R = (0.300)(3.359)/(1.52 x 10” 6 ) = 6.63 x 10 5 , 
/ = 0.0146. Compute ( p A — p B )/y for each branch. 

For branch I: h, = 0.0146[(250 + 550 + 250)/0.300]{3.530 2 /[(2)(9.807)]} = 32.46 m, pjy + vjlg + 0 = pjy + 
v 2 J2g + 100 + 32.46, (p A —p B )/y = 132.46m. 

For branch II: h, = 0.0141[550/0.300]{4.712 2 /[(2)(9.807)]} = 29.26 m, pjy + v 2 J2g + 0 = pjy + v 2 J2g + 

100 + 29.26, ( p A -p B )/y = 129.26 m. 

For branch III: h, = 0.0146[(350 + 550 + 350)/0.300]{3.359 2 /[(2)(9.807)]} = 34.99 m, pjy + vj2g + 0 = 
pjy + v 2 J2g + 100 + 34.99, (p A -p B )ly = 134.99 m. 

We could go through another cycle. Instead, we stop here and take an average value of ( p A — p B )/y: 

(132.46 + 129.26 + 134.99)/3, or 132.24 m. ( p A - p B ) = (132.24)(9.79) = 1295 kPa gage. 

11.11 In Fig. 11-10, Lx = 3000 ft, A = 1 ft, 6, = 0.001 ft; L 2 = 2000 ft, D 2 = 8 in, e 2 = 0.0001 ft; L 3 = 4000 ft, D 3 = 16 in, 
e 3 = 0.0008 ft; p = 2.00 slugs/ft 3 , v = 0.00003 ft 2 /s, p A = 80 psi, z A = 100 ft, z B = 80 ft. For a total flow of 12 cfs, 
determine the flow through each pipe and the pressure at B. 

f h f — (f)(L/D)(v 2 /2g). Assume Q[ = 3 cfs. 

v[ = Q;Mx = 3/[(jt)( 1) 2 /4] = 3.820 ft/s N R = Dv/v 
(N r )[ = (l)(3.820)/0.00003 = 1.27 x 10 5 e/D\ = 0.001/1 = 0.0010 

From Fig. A-5,/J = 0.022. (h f )[ = (0.022)( 3 f a ){3.820 2 /[(2)(32.2)]} = 14.95 ft. For pipe 2, assume f 2 = 0.020. 
14.95 = 0.020[2000/(^)]{^ 2 /[(2)(32.2)]} v' 2 = 4.006 ft/s (N R ) 2 = (£)(4.006)/0.00003 = 8.90 x 10 4 

e 2 /L>2 = 0.0001/(A) = 0.00015 f 2 = 0.019 14.95 = 0.019[2000/(^)]{ii^/[(2)(32.2)]} 

v' 2 = 4.110 ft/s Q' 2 = [(^r)(n) 2 /4](4.110) = 1.43 ft 3 /s 
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Fig. 11-9 


v' 3 = 4.006 ft/s ( N r )' 2 = (if)(4.006)/0.00003 = 1.78 x 10 5 

f 3 = 0.020 Q' 3 = [(^)(!l) 2 /4](4.006) = 5.59 ft 3 /s 

Gi = (3/10.02)(12) = 3.59 ft 3 /s 
Gj = (5.59/10.02)(12) = 6.69 ft 3 /s 


For pipe 3, assume f 3 = 0.020. 

14.95 = 0.020[4000/G§)]{u(7[(2)(32.2)]} 
e 3 /D 3 = 0.0008/(ti) = 0.00060 

2G = 3 +1.43 + 5.59 = 10.02 ft 3 /s 
Q 2 = (1.43/10.02)(12) = 1.71 ft 3 /s 
Check the values of h lt h 2 , and h 3 : 

u, = 3.59 /[(jt)(1) 2 /4] = 4.571 ft/s (N*), = (l)(4.571)/0.00003 = 1.52 x 10 5 
/, = 0.021 (h f )i = (0.021)( 3 ® 0 ) {4.571 2 /[(2)(32.2)]} = 20.44 ft v 2 = 1.71/[(jr)(£) 2 /4] = 4.899 ft/s 

(W«) 2 = (ii)(4.899)/0.00003 = 1.09 x 10 5 f 2 = 0.018 (ft,) 2 = 0.018[2000/(^)](4.899 2 /[(2)(32.2)]} = 20.12ft 

v 3 = 6.69/[(jr)(i)74] = 4.791 ft/s (A^) 3 = G!)(4.791)/0.00003 = 2.13 x 10 5 
f 3 = 0.019 (h f ) 3 = 0.019[4000/(|f )]{4.791 2 /[(2)(32.2)J} = 20.32 ft 

Since these values of A/are close, accept the flow values determined above and take an average value of 
(20.44 + 20.12 + 20.32)/3, or 20.29 ft for calculating p B : pjy + v\!2g + z A = p B /y + v|/2 g + z B + h L , 
(80)(144)/62.4 + v 2 J2g + 100 = (p fl )(144)/62.4 + v 2 J2g + 80 + 20.29, v 2 J2g = w|/2 g, p„ = 79.9 lb/in 2 . 


Fig. 11-10 


11.12 Prepare a computer program to solve for the head drop and flow distribution through N pipes in parallel. Check 
it out with the data in Prob. 11.11. 


10 REM B: SOLUTION OF PARALLEL PIPE PROBLEMS 

20 DEFINT I,N: DEF FNQ<D1,D2,D3,DH1=D1«DH»LOG(D2+D3/DH) 

JO READ N.QQ.RHO,KVIS.PA, ZA,ZB,G,I I 

*0 DATA 3,12.,2.,3E-3,80.,100.,80.,32.2,15 

50 LPRINT: LPRINT"N,GQ,RHO,KVIS="|NjQQ;RHOiKVIS 

60 LPRINT: LPRINT"PA,ZA,ZB, 5,II = " ;PA;ZAj ZB;G;11s LPRINT 

70 FOR 1=1 TO N: READ L<I>,D<I>,EP(I>l NEXT I 

00 DATA 3000.,1.,.001,2000.,.6667,.0001,4000.,1.3333,.0008 

90 FOR 1 = 1 TON: LPRINT”I,L,D,EPS=”1 I;L(I)|D(I);EP<I): NEXT It LPRINT 

100 FOR 1 = 1 TON: C=SQR(S»D(11/L<I>>i El<I>=-.9650001*D<I>'21C 

110 E2(I>=EP<I)/(3.7»D(I))I E3<I>*1.7844KVIS/<D<I)*C>1 NEXT I 
120 X=.02«L<l)*QCr2/<.7B54*D<l)”5«2!»6) * MAX POSS. HEAD WITH FLOW THRU PIPE 1 
130 HMA=SQR(X >: HMI=0! 

140 FOR 11 = 1 TO II: S=0: HF=. »<HNA+HHI> ’ START OF BISECTION METHOD 

150 FOR I=t TO N: S=S+FNQ(El(I>,E (II,E3(I),HF): NEXT I 

160 IF S-QQ>0! THEN HMA=HF ELSE HMI= F 
170 PRII|IT"S, QQ, HF=" ; S} QQ; HF 
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180 NEXT II: HFR=. 5t (MtlA+HMI > : HFF=HFR~2 * FINAL VALUE OF HEAD DROP 

190 FOR 1=1 TON: LPRINT“I,HFF t O="jI;HFF;FNQ<E1<I),E2(I),E3(I),HFR): NEXT I 
200 LPR1NT: LPRINT*'PB=“ ; : LPRINT USING*' ###.### " ; PA+ (ZA-ZB-HFF) IRHOtG/ 144 ' 

N,QQ,RHO,KVIS= 3 12 2 .00003 

PA,ZA,ZB,G,11= 80 100 80 32.2 15 

I,L,D,EPS= 1 3000 1 .001 

I,L,D,EPS= 2 2000 .6667 .0001 

I,L,D,EPS* 3 4000 1.3333 .0008 

I,HFF,Q= 1 20.68776 3.576553 

I,HFF,Q= 2 20.60776 1.710832 

I,HFF,Q= 3 20.68776 6.713136 

PB- 79.692 


11.13 Two pipes are connected in parallel between two reservoirs: L x — 2600 m,D l = 1.3m,C = 90; L 2 = 2400 m, 

D 2 = 0.9m,C= 100. For a difference in elevation of 3.8 m, determine the total flow of water at 20 °C. 

f v= 0.8492 CR°«*s 054 

t>, = (0.8492)(90)(1.3/4) O63 (3.8/2600)° 54 = 1.109 m/s 
v 2 = (0.8492)(100)( s r) O63 (3.8/2400) OM = 1.020 m/s 
0 = Av = [(jt)(1.3) 2 /4](1. 109) + [(jt)( 0.9) 2 /4](1.020) = 2.12 m 3 /s 

11.14 For 5.4 m 3 /s of flow in the system of Prob. 11.13, determine the difference in elevation of reservoir surfaces. 

| Q = Av = 0.8492/1C/? 0 ' 63 * 0 ’ 54 

5.4 = 0.8492[(^)(1.3) 2 /4](90)(1.3/4) O63 s° 54 + 0.8492 [(jt)(0.9) 2 /4](100)( ! ¥) 0 6 V 54 
s = 0.008455 m/m A elevation = (0.008455)(2400) = 20.3 m 

11.15 Three smooth tubes are connected in parallel: L, = 45 ft, D, = | in; L 2 = 55 ft, D 2 = 1 in; L 3 = 60 ft, Z) 3 = \ in. 
Given 0 = 33 gpm, y = 55 lb/ft 3 , and n = 0.13 Pa • s, what is the drop in hydraulic grade line between junctions? 

. , m^LQ 

1 

Therefore, L,QJD\ = L 2 Q 2 /D 4 2 = L 3 Q 3 !D\. 

0 = 0i + 02 + 03 = (33)(0.002228) = 0.07352 ft 3 /s 450,/[(!)/12] 4 = 55 Q 2 l{hY 0i = 0.0763902 
55Q 2 /(^) 4 = 6O0 3 /[(1)/12] 4 0 3 = 0.290002 O.O76390 2 + 0 2 + 0.29000, = 0.07352 0 2 = 0.05381 ft 3 /s 

= (0.13)(0.3048) 2 = Q ^ ib . s/ft 2 h . (1 ^^7^00 5381 ) = ft 
^ 4.448 f (w)( 55)(^) 4 


11.16 If H = 11 m, n = 8 x 10 3 Pa • s, and s.g. = 0.9 in Fig. 11-16, find the discharges through pipes 1, 2, and 3. 

I h, = (f)(L/D)(v 2 /2g) (e/D), = 0.006/0.050 = 0.120 /, = 0.114 

(e/D) 2 = 0.009/0.120 = 0.075 / 2 = 0.088 (e/D) 3 = 0.012/0.100 = 0.120 / 3 = 0.114 

(hf) i = (h f ) 2 u, = 0,M, = 0,/[(7t)(O.O5O) 2 /4] = 509.30, v 2 = Q 2 /A 2 = 0 2 /[(*)(O.120) 2 /4] = 88.420, 

0.114(70/0.050] { (509.30, ) 2 /[(2)(9.807)]} = O.O88[8O/O.12O]{(88.420 2 ) 2 /[(2)(9.8O7)]) 

0 2 = 9.5000, 03 = 0, + 02 = 0 t + 9.5000, = 10.5000, 

u 3 = 0 3 M 3 = 10.5000,/[(;r)(0.100) 2 /4] = 13370, H = (h f ) t + (h f ) 3 
11 =O.114[7O/O.O5O]((5O9.30,) 2 /[(2)(9.8O7)]} +0.114[110/0.100]{1337(2,) 2 /[(2)(9.807)]} 

0, = 0.000901 m 3 /s = 0.901 L/s 0 2 = (9.500)(0.901) = 8.56 L/s 0 3 = (10.500)(0.901) = 9.46 L/s 

40p (4)(0.00946)(0.9)(1000) 

" nDn (tt)( 0. 100)(8 x 10 -3 ) 


Hence, both/’s are O.K. 
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11.17 


11.18 



Fig. 11-11 


Find H in Fig. 11-11 for Q 3 = 20 L/s, ft = 5 x 10 3 Pa ■ s, s.g. = 0.9. 

f Q t and Q 2 will be in the same proportion as in Prob. 11.16. Hence, Q, = (0.901/9.46)(20) = 1.90 L/s, 

Q 2 = (9.500)(1.90) = 18.0 L/s. 

H = (h f \ + {h f ) 3 h, = (/)(L/D)(v 2 /2g) 

v , = <2,/A =0.00190/[(*:)(0.050) 2 /4] = 0.9677 m/s t> 3 = Q 3 M 3 = 0.020/[(;r)(0.100)74] = 2.546 m/s 
Using values of/from Prob. 11.16, 

H = 0.114[70/0.050] {0.9677 2 /[(2)(9.907)]} + 0.114[110/0.100]{2.546 2 /[(2)(9.907)]} = 49.06 m 


What length of 300-mm-diameter, clean cast-iron pipe could replace the system of Fig. 11-12? 
f (e/D),= 0.00026/0.200 = 0.0013 (e/D) 2 = 0.00026/0.300 = 0.00087 (e/D) 3 = 0.00026/0.500 = 0.00052 

(e/D\ = 0.00026/0.300 = 0.00087 (e/D), = 0.00026/0.300 = 0.00087 

Try/, = 0.023, f 2 = 0.021, / 3 = 0.018, / 4 = 0.021, and/, = 0.021: Assume a head loss in pipes 1 and 2 of 3 m. 

h f = (f)(L/D)(v 2 /2g) 3 = 0.023[310/0.200]{u?/[(2)(9.807)]} v, = 1.285 m/s 

Q, = A,u, = [(jt)( 0.200) 2 /4](1.285) = 0.04037 m 3 /s 3 = 0.021 [310/0.300] {wl/[(2)(9.807)]} v 2 = 1.647 m/s 

Q 2 = A 2 v 2 = [(jr)(0.300) 2 /4](1.647) = 0.1164 m 3 /s 

To find equivalent for 1 and 2, v e = (0.04037 + 0.1164)/[(jt)( 0.300) 2 /4] = 2.218 m/s, 3 = 

0.021[L e /0.300]{2.218 z /[(2)(9.807)]}, L e = 170.9 m (for pipes 1 and 2). 

For pipe 3: {g/[(^)(0.500) 2 /4]} 2 = /_L,_\ {Q/[(,r)(0.300) 2 /4]} 2 

' ° \0.500/ (2)(9.807) ' V0.300/ (2)(9.807) 

L' = 53.7 m (for pipe 3) 

Assume a head loss in pipes 4 and 5 of 3 m. 

3 = 0.021[620/0. 300]{v|/[(2)(9. 807)]} u 4 = 1.164 m/s 

g 4 = [(jr)(0.300) 2 /4](l. 164) =0.08228 m 3 /s 3 = 0.021[790/0.300]{t>|/[(2)(9.807)]} 
v 5 = 1.032 m/s Q 5 = [(/r)(0.300) 2 /4](1.032) = 0.07295 m 3 /s 
To find equivalent for 4 and 5, 

V' = (0.08228 + 0.07295)/[(tt)( 0.300) 2 /4] = 2.196 m/s 3 = 0.021[L,/0.300]{2. l% 2 /[(2)(9.807)]} 

L e = 174.3 m (for pipes 4 and 5) (L,) total = 170.9 + 53.7 + 174.3 = 398.9 m 



Fig. 11-12 
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11.19 For a velocity of 1.1 m/s in pipe 1 of Fig. 11-12, calculate the flow through the system and the head H required. 
The fluid is water at 15 °C. 

I Using values from Prob. 11.18, h, = (f)(L/D)(v 2 /2g), (h f ) x = 0.023[310/0.200]{l.l 2 /[(2)(9.807)]} = 2.199 m, 
{h f ) 2 = (Tv), = 0.021[310/0.300]{ul/[(2)(9.807)]} = 2.199 m, v 2 = 1.410 m/s; Q=Av = [(^)(0.200) 2 /4](l.l) + 
[(;r)(0.300) 2 /4](1.410) = 0.134m 3 /s. (This is the flow through the system.) v 3 = Q 3 /A 3 = 0.134/[(jt)(0.500) 2 /4] = 
0.6825 m/s, (h f ) 3 = 0.018[290/0.500]{0.68257[(2)(9.807)]} = 0.363 m. The flow of 0.134 m 3 /s will split in pipes 4 
and 5 in the same proportions as determined in Prob. 11.18. Hence, Q 4 = [0.08228/(0.08228 + 

0.07295)](0.134) = 0.0710 m 3 /s, v 4 = 0.0710/[(nr)(0.300) 2 /4] = 1.004 m/s, (h f ) 4 = 

0.021 [620/0.300]{1.004 2 /[(2)(9.807)]} = 2.230 m, H = 2.199 + 0.363 + 2.230 = 4.792 m. 

11.20 Three pipes are in parallel with a total head loss of 20.3 m. The pipe data are 


pipe 

L, m 

d, cm 

e, mm 

e/d 

1 

100 

8 

0.24 

0.003 

2 

150 

6 

0.12 

0.002 

3 

80 

4 

0.20 

0.005 


11.21 


The fluid is water, p = 1000 kg/m 3 , and v = 1.02 x 10 6 m 2 /s. Calculate the total flow rate in cubic meters per 
hour, neglecting minor losses. 

f h f = (f)(L/D)(v 2 /2g), (h f ) x = (h f ) 2 = (h f ) 3 . Guess fully rough flow in pipe 1: /, = 0.0262. 

(Mi = 20.3 = 0.0262[100/( t §o)]{v7[(2)(9.807)]} v t = 3.487 m/s 
N r = Dv/v (N r ) x = (ios)(3.487)/(1.02 X 10"*) = 2.73 x 10 5 
From Fig. A-5, f x = 0.0267. 

20.3 = 0.0267[100/(i|jo)]{t>i/[(2)(9.807)]} Vl = 3.454 m/s 
Qi =A x v x = [(nr)(i§5)74](3.454) = 0.01736 m 3 /s 

Guess/ 2 = 0.0234: 

(h f ) 2 = 20.3 = 0.0234[150/(4)]{u7[(2)(9.807)]} v 2 = 2.609 m/s 
(N r ) 2 = (i5o)(2.609)/(1.02 x 10- 6 ) = 1.53 x 10 s f 2 = 0.0246 20.3 = 0.0246[150/(4)]{t;7[(2)(9.807)]} 

v 2 = 2.544 m/s Q 2 = [(jt)( t | s ) 2 /4](2.544) = 0.007193 m 3 /s 

Guess f 3 = 0.0304: 

\ 

(h f ) 3 = 20.3 = 0.0304[80/(4)] (u7[(2)(9.807)]} v 3 = 2.559 m/s 

(N r ) 3 = (ibo)(2.559)/(1.02 x 10' 6 ) = 1.00 x 10 5 
/ 3 = 0.0313 20.3 = 0.0313[80/( T go)]{u 2 /[(2)(9.807)]} v 3 = 2.522 m/s 

<2 3 = [(• 7r )(i5o) 2 / 4] (2.522) = 0.003169 m 3 /s 

This is satisfactory convergence. Hence, Q total = 0.01736 + 0.007193 + 0.003169 = 0.02772 m 3 /s, or 99.8 m 3 /h. 

For the parallel pipe system of Fig. 11-13, each pipe is cast iron, and the pressure drop p, — p 2 equals 2.5 psi. 
Compute the total flow rate between 1 and 2 if the fluid properties are y = 57.32 lb/ft 3 , p = 0.00606 lb • s/ft 2 . 

f h f — (p, —p 2 )/y = (2.5)(144)/57.32 = 6.281 ft. Assume laminar flow. 

Y2&pLQ 


h r = 


JtyD 4 


For the 3-in-diameter pipe: 


6.281 = 


(128)(0.00606)(225)(<2 3 ) 

(;r)(57.32)(t|) 4 


Q 3 = 0.02531 ft 3 /s 


N r = 


yDv 

Hg 


v 3 = Q 3 IA 3 = 0.02531/[(nr)(^) 2 /4] = 0.5156 ft/s (N R ) 3 = (57.32)(^)(0.5156)/(0.00606)(32.2) = 38 (laminar) 
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For the 2-in-diameter pipe: 

6.281 = (1 - 28 ^)^% ) ) ( ( 1 |) 4 (g2) 02 = 0.006081 ft 3 /s v 2 = 0.006081/[(jt)(^) 2 /4] = 0.2787 ft/s 

(N r ) 3 = (57.32)(7)(0.2787)/(0.00606)(32.2) = 14 (laminar) 0 tot „ = 0.02531 + 0.006081 = 0.0314 ft 3 /s 


Fig. 11-13 

11.22 The system of Fig. 11-14 consists of 60-mm-diameter, wrought iron pipes containing water at 20 °C. If the total 
flow rate from 1 to 2 is 13 L/s, compute the total pressure drop p^ -p 2 . Neglect minor losses. 

f For pipe c: 

v c = Qc/A c = 0.013/[(jt)( 0. 060)74] = 4.598 m/s N R = dv/v 
(N R ) C = (0.060)(4.598)/(1.02 x 10 6 ) = 2.70 x 10 5 e/d = 0.000046/0.060 = 0.00077 
From Fig. A-5 ,f c = 0.020. 

h f = ( f)(L/d)(v 2 /2g ) (h f ) c = 0.020[175/0.060] (4.598 z /[(2)(9.807)]} = 62.88 m 

(Ap) c = (y)(h f ) c = (9.79)(62.88) = 616 kPa 

For pipes a and b : (h f ) a = (h f ) b , v„ = QJA a = = 353.70,,, v„ = QJA„ = 0 fc /[(jr)(r!,)V4] = 

353.70*. 

/ a [24O/O.O6O]{(353.70 a )7[(2)(9.8O7)]}=/*[12O/O.O6O]{(353.70*)7K2)(9.8O7)]} (1) 

If fa = /*. 0a = 0.70710*, 0* + 0* = 1.70710* = 0.013 mVs, 0* = 0.007615 m7s, 0 a = (0.7071)(0.007615) = 
0.005385 m7s; (N K ) a = 4f(353.7)(0.005385)]/(1.02 x 10" 6 ) = 1.12 x 10 5 , f„ = 0.0219; (N„) b = 
igo[(353.7)(0.007615)]/(1.02 x 10 ®) = 1.58 x 10 s , /* = 0.0208. Substituting these values of/into Eq. (1), 
O.O219[24O/( T g 0 )](353.70 o )7[(2)(9.8O7)]} =O.O2O8[12O/( I fe)]{(353.70*)7[(2)(9.8O7)]}, Q a = 0.68910*, 

0„ + 0* = 0.68910* + 0* = 0.013, 0* = 0.007696 m 3 /s, 0„ = (0.6891)(0.007696) = 0.005303 m 3 /s. 

(/V«)„ = 0.060[(353.7)(0.005303)]/(1.02 x 10 -6 ) = 1.10 x 10 s f„ = 0.0219 (O.K.) 

(A/*)* = 0.060[(353.7)(0.007696)]/(1.02 x 10“ 6 ) = 1.60 x 10 5 /* = 0.0208 (O.K.) 

Hence, Q a = 0.005303 m 3 /s and 0* = 0.007696 m 3 /s. 

(h f ) a = (h f ) h = 0.0219t240/0.060]{[(353.7)(0.005303)]7[(2)(9L807)]} = 15.71 m 
(A p) a ,„ = (9.79)(15.71) = 154 kPa (Ap), otal = 616 + 154 = 770 kPa 


= 3 in_t =225fi 




11.23 Reconsider Prob. 11.22 with the flow rate unknown but with the total pressure drop given as 850 kPa. Find the 
resulting flow rate 0. 

f Using data from Prob. 11.22, guess Q a = 0.006 m 3 /s: 0* = 0.006/0.6891 = 0.008707 m 3 /s, Q c = 0.006 + 
0.008707 = 0.014707 m 3 /s, v c = QJA C = 0.014707/[(jt)( 0.060)74] = 5.202 m/s, N R = dv/v, (N R ) C = 

(0.060)(5.202)/(1.02 x 10 6 ) = 3.06 x 10 5 , e/d = 0.000046/0.060 = 0.00077. From Fig. A-5 ,f c = 0.0195; 
h f = (f)(L/d)(v 2 /2g), (h f ) c = 0.0195[175/0.060]{5.2027[(2)(9.807)]} = 78.47 m. 
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For pipes a and b : 

(/«,)„ = (h f ) b v„ = QJA a = 0.006/[(jt )(0.060) 2 /4] = 2.122 m/s 
= (3i»Mfc = 0.008707/[(jr)(0.060) 2 /4] = 3.079 m/s 
(Y„)„ = (0.060)(2.122)/(1.02 x 10“ 6 ) = 1.25 x 10 5 f a = 0.0205 
(N R )„ = (0.060)(3.079)/(1.02 X 10~ 6 ) = 1.81 x 10 s /„ = 0.020 

(h f ) a = 0.0205[240/0.060] (2.122 z /[(2)(9.807)]} = 18.83 m 
(hf) b = 0.020[120/0.060]{3.079 2 /[(2)(9.807)]} = 19.33 m 

Since these are fairly close, forego another iteration and take an average value of ( h f ) a b : 

(M.,» = (18.83 + 19.33)/2 = 19.08 m, (h f ) toal = 78.47 + 19.08 = 97.55 m, (Ap) total = (y)(h f ) tnVL , = (9.79)(97.55) = 
955 kPa. Since this is slightly larger than the required 850 kPa, reduce Q a a small amount; e.g., try 
Q„ = 0.00565 m 3 /s: 

Q b = 0.00565/0.6891 = 0.008199 m 3 /s Q c = 0.00565 + 0.008199 = 0.013849 m 3 /s 
v c = QJA C = 0.013849/[(^)(0.060) 2 /4] = 4.898 m/s (N R ) C = (0.060)(4.898)/(1.02 x 10 6 ) = 2.88 X 10 5 
f c = 0.0195 (h f ) c = 0.0195[175/0.060]{4.8987[(2)(9.807)]} = 69.57 m 

For pipes a and b: 

v„ = QJA a = 0.00565/[(jt)( 0.060) 2 /4] = 1.998 m/s v b = Q b /A„ = 0.008199/[(;r)(0.060)74] = 2.900 m/s 
(Ak) 0 = (0.060)(1.998)/(1.02 x 10’ 6 ) = 1.18 x 10 s /„ = 0.0205 

(N r )„ = (0.060)(2.900)/(1.02 X 10“ 6 ) = 1.71 x 10 5 f b = 0.020 
( hf) a = 0.0205[240/0.060] {1.998 2 / [(2)(9.807)]} = 16.69 m 
( h f \ = 0.020[120/0.060}{2.900 2 /t(2)(9.807)]} = 17.15 m 

Since these are fairly close, forego another iteration and take an average value of (h f ) a b : 

(h f ) a , b = (16.69 + 17.15)/2 = 16.92 m, (h f ) toa> = 69.57 + 16.92 = 86.49 m, (Ap) Iotal = (y)’^),^, = (9.79)(86.49) = 
847 kPa (close enough). Hence, Q = = 0.0138 m 3 /s = 13.8 L/s. 

11.24 For the piping system of Fig. 11-15, all pipes are concrete with roughness of 0.03 in. If the flow rate is 23 cfs of 
water at 20 °C, compute the pressure drop P\—p 2 and the three volumetric flows. 

f For pipe a : 

= QJA a = 23/[(jr)(n) 2 /4] = 29.28 ft/s N R = Dv/v 
(N R )a = (ii)(29.28)/(1.08 x 10“ 5 ) = 2.71 x 10 6 e/D = 0.03/12 = 0.0025 

From Fig. A-5,/„ = 0.0249. h, = (f)(L/D)(v 2 /2g), (h f )„ = 0.0249[1200/(H)]{29.28 2 /[(2)(32.2)]} = 397.8 ft. 

For pipes b, c, and d: 

(Ih f ) b = (h f ) c = (h f )„ v b = QJA h = Q b /[{Ji)(fz) 2 /4\ = 2.865C* 

v c = QJA C = e c /[(^)0f) 2 /4] = 1.273G C v d = QJA d = QJ[(n){^flA} = 0.81490, 
/1400\r (2.865q) 2 l /900\r (1.273Q c ) 2 1 / 1300 \r (0.8149q) 2 1 

U \ & /L (2)(32.2) J /c \ ^ /L (2)(32.2) J 7 ‘ , \ H /L (2)(32.2) J 

If/. =/c =/ rf , 

a=0.2209a a = 1.453a q* + e,+a=0.2209a + a + 1.453a=23 a=s.602ft 3 /s 

a = (0.2209)(8.602) = 1.900 ft 3 /s Q d = (1.453)(8.602) = 12.50 ft 3 /s 
{N r )„ = ^[(2.865)(1.900)]/(1.08 x 10" 5 ) = 3.36 x 10 5 (e/D)„ = 0.03/8 = 0.0038 f b = 0.028 

( N r ) c = tI[(1.273)(8.602)]/(1.08 x 10“ 5 ) = 1.01 X 10 6 ( e/D) c = 0.03/12 = 0.0025 f c = 0.025 

(N R ) d = i§[(0.8149)(12.50)]/(1.08 x 10“ 5 ) = 1.18 x 10 6 ( e/D) d = 0.03/15 = 0.0020 f d = 0.0235 

Substituting these values of/into Eq. (1), 

0.028[1400/(ft)]{(2.865a) 2 /[(2)(32.2)]}=0.025[900/(|i)]{(1.273a)7[(2)(32.2)]} 

= 0.0235[1300/(if)]{(0.8149a)7[(2)(32.2)]} 

a = 0.2749a a = l-499Q c a + a + a = 0.2749a + a + 1.499Q c = 23 a = 8.292 ft 3 /s 
Q„ = (0.2749)(8.292) = 2.279 ft 3 /s a = (1.499)(8.292) = 12.43 ft 3 /s 
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(N R ) b = ^[(2.865)(2.279)]/(l,08 x 10~ 5 ) = 4.03 x 10 5 / =0.028 (O.K.) 

(A^)c = Ti[(l-273)(8.292)]/(1.08xl0- 5 ) = 9.77 x10 s / = 0.025 (O.K.) 

W?)<< = H[(0.8149)(12.43)]/(1.08 x 10 s ) = 1.17 x 10 6 / = 0.0235 (O.K.) 

Hence, Q„ = 2.28 ft 3 /s, Q c = 8.29 ft 3 /s, and Q d = 12.43 ft 3 /s. 

(h f )„ = (V) c = {h f ) d (h f )„ = 0.028[1400/(^)]{[(2.865)(2.28)] 2 /[(2)(32.2)]} = 39.0 ft 
(/!/)■„,«, = 397.8+ 39.0 = 436.8 ft (Ap) toIal = (y)(h f ) total = (62.4)(436.8) = 27 256 lb/ft 2 or 189 lb/in 2 



Fig, 11-15 


11.25 


For the system of Fig. 11-15, with vegetable oil (v = 4.62 x 10 6 ft 2 /s, y = 42.5 lb/ft 3 ) as the fluid, compute the 
flow rate in all pipes if the pressure drop p x - p 2 is 44 psi. Neglect minor losses. 


f Using data from Prob. 11.24, note that pipe a takes 397.8/436.8 = 0.9107, or 91.07 percent of the total 
pressure drop. Hence, take (A p) a = (44)(144)(0.9107) = 5770 lb/ft 2 , (h f ) a = (A p)Jy = 5770/42.5 = 135^8 ft, _ 
h, = (f)(L/d)(v 2 /2g), 135.8 =/ fl [1200/0§)]{o 2 /[(2)(32.2)]}, v a = \^288//■ Try/, = 0.025: v a = V7.288/0.025 = 
17.07 ft/s, N r = dv/v, (N R ) a = ({§)(17.07)/(4.62 x 10~ 6 ) = 3.69 x 10 6 , (e/d) a = 0.03/12 = 0.0025. From Fig. A-5, 
/ = 0.0245. Try/, = 0.0245: v a = Vr288/0.0245 = 17.25 ft/s, (N R ) a = (H)(17.25)/(4.62 x 10~ 6 ) = 3.73 x 10 6 , 

/ = 0.0245 (O.K.); Q a = A a v a = [(^r)(r|) 2 /4](17.25) = 13.55 ft 3 /s. This flow of 13.55 ft 3 /s for Q a will divide 
among the three parallel pipes in the same proportions as found in Prob. 11.24. Hence, 


Q„ = [2.28/(2.28 + 8.29 + 12.43)](13.55) = 1.343 ft 3 /s Q c = [8.29/(2.28 + 8.29 + 12.43)](13.55) = 4.884 ft 3 /s 
Q d = [12.43/(2.28 + 8.29 + 12.43)](13.55) = 7.323 ft 3 /s v„ = 1.343/[(,t)(^) 2 /4] = 3.847 ft/s 
( e/d)„ = 0.03/8 = 0.0038 (N R )„ = (£)(3.847)/(4.62 X 10 6 ) = 5.55 x 10 5 / = 0.028 

(A/)*...- = 0.028[1400/(£)]{3.847 2 /[(2)(32.2)]} = 13.51 ft (A p) b , c . d = (42.5)(13.51) = 574 lb/ft 2 

(ApXc. = 5770 + 574 = 6344 lb/ft 2 or 44.1 lb/in 2 (O.K.) 


Hence, Q a = 13.55 cfs, Q b = 1.34 cfs, Q c = 4.88 cfs, and Q d = 7.32 cfs. 


11.26 In Fig. 11-16 all pipes are cast iron and p x —p 2 = 49 psi. Compute the total flow rate of water at 20 °C. 

I h, = (49)(144)/62.4 = 113.1 ft = (f)(L/d)(v 2 /2g) 

For pipe c: (h f ) c = 113.1 =/ c [2000/(^)]{u 2 /[(2)(32.2)]}, v c = V0.9105//. Try / = 0.03: v c = VO.9105/0.03 = 
5.509 ft/s, N r = dv/v, (N r ) c = (^)(5.50 9)/(1.08 x 10~ 5 ) = 1.28 x 10 5 , (e/d) c = 0.00085/(^) = 0.0034. From Fig. 
A-5, / = 0.0283. Try / = 0.0283: v c = Vo.9105/0.0283 = 5.672 ft/s, (N R ) C = (^)(5.672)/(1.08 x 10~ 5 ) = 1.31 x 
10 5 , / = 0.0283 (O.K.); Q c = A c v c = [(*r)(n)74](5.672) = 0.2784 ft 3 /s. 

For pipes a and b : (A,)** = 113.1 =/[1200/(ft)]{v 2 /[(2)(32.2)]} +/[1300/(£)]{v?/[(2)(32.2)]}. From 
continuity, v 6 = u a /4. 113.1 =/[1200 /(^)]{i- 2 /[(2)(32.2)]} +/[1300/(£)]{(r a /4)7[(2)(32.2)]}, 7284 = 
(v 2 )(7200/ + 243.8/). Try/ =/ = 0.03: 

7284 = (v 2 )[(7200)(0.03) + (243.8)(0.03)] v a = 5.711 ft/s (N*/= (£)(5.711)/(1.08 x NT 5 ) = 8.81 x 10 4 
(e/d) a = 0.00085/(i|) = 0.0051 / = 0.031 v b = 5.711/4 = 1.428 ft/s 

(IV*)*- = (£)(1.428)/(1.08 x 10~ 5 ) = 4.41 x 10 4 
(e/d) b = 0.00085/(^) = 0.0026 / =0.028 

Try / = 0.031 and / = 0.028: 

7284 = (v 2 )[(7200)(0.031) + (243.8)(0.028)] u, = 5.627 ft/s 
(IV*). = (b)(5.627)/(1.08 x 10" 5 ) = 8.68 x 10 4 / = 0.031 (O.K.) 

v b = 5.627/4 =1.407 ft/s (A«) 6 = (4)(1.407)/(1.08 X 10~ 5 ) = 4.34 X 10 4 /= 0.028 (O.K.) 

0« = [(ar)(is) 2 /4](5.627) = 0.1228 ft7s 0 total = 0.2784 + 0.1228 = 0.4012 ft 3 /s 
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11.27 Refer to Prob. 11.26. Given Q total = 0.7 ft 3 /s, compute the pressure drop p, - p 2 and the division of flow 
between the two paths. 

# The flow will divide between the two paths in the same proportions as found in Prob. 11.26. Hence, 

Q c = [0.2784/(0.2784 + 0.1228)](0.7) = 0.4857 ft 3 /s 
Q. = Q b = [0.1228/(0.2784 + 0.1228)](0.7) = 0.2143 ft 3 /s 
h f = (f)(L/d)(v 2 /2g) v c = QJA C = 0.4857/[(jt)(^) 2 /4] = 9.895 ft/s N R = dv/v 

(N R \ = (^)(9.895)/(1.08 x 10“ 5 ) = 2.29 X 10 5 (e/d) c = 0.00085/(£) = 0.0034 

From Fig. A-5, f c = 0.028. (h f ) c = 0.028[2000/(£)]{9.895 2 /[(2)(32.2)]} = 340.6 ft, P> -p 2 = (y)(h f ) c = 
(62.4)(340.6) = 21 253 lb/ft 2 , or 147.6 lb/in 2 . 


11.28 Two cisterns are connected by cast iron pipes as in Fig. 11-17. Neglecting minor losses, compute the flow rate in 
each pipe for water at 20 °C. 

f Assume (h f ) c = 20 ft. 

a = gd%/Lv 2 N r = -\^log[(e/rf)/3.7 + 2.51/V5^] 
a c = (32.2)(£) 3 (20)/[(1300)(1.08 X 10 s ) 2 ] = 1.573 x 10 8 (e/d) r = 0.00085/(£) = 0.00255 
(N R ) C = —V(8)(1.573 x 10 8 ) log [0.00255/3.7 + 2.51/V(2)(1.573 x 10 8 )] = 1.093 x 10 5 N R = AQInvd 
1.093 x 10 5 = 4 Q c /[(jt)(1.08 x 10“ 5 )(ik)] Q c = 0.3090ft 3 /s (h,) a = (h f ) b = 59 - 20 = 39ft 
a a = (32.2)(^) 3 (39)/[(900)(1.08 x 10“ 5 ) 2 ] = 1.869 x 10 8 (e/d). = 0.00085/(^) = 0.00340 

(N R ). = — V(8)(1.869 x 10 8 ) log [0.00340/3.7 + 2.51/V(2)(1.869 x 10 8 )] = 1.152 x 10 s 
1.152 x 10 5 = 4Q„/[(jr)(1.08 x lO” 5 )^)] Q. = 0.2443 ft 3 /s 
oc„ = (32.2)(£) 3 (39)/[(600)(1.08 x 10 5 ) 2 ] = 8.308 x 10 7 (e/d)„ = 0.00085/(£) = 0.00510 

(. N R ) b = — V(8)(8.308 x 10 7 ) log [0.00510/3.7 + 2.51/V(2)(8.308 X 10 7 )] = 7.227 x 10 4 
7.227 X 10 4 = 4{? 6 /[(jr)(1.08 x 10“ 5 )(^)] Q„ = 0.1022 ft 3 /s Q. + Q b = 0.2443 + 0.1022 = 0.3465 ft 3 /s 

Since this value of Q. + Q b = 0.3465 ft/s is not equal to Q c = 0.3090 ft 3 /s, the assumed value of (h f ) c = 20 ft is 
incorrect. Try (h f ) c = 23.3 ft: 

= (32.2)(£) 3 (23.3)/[(1300)(1.08 x 10" 5 ) 2 ] = 1.833 x 10 8 
(N R ) C = —V(8)(1.833 x 10 s ) log [0.00255/3.7 + 2.51/V(2)(1.833 x 10 8 )] = 1.182 x 10 5 
1.182 x 10 5 = 4<2 c /[(jt)( 1.08 x 10~ 5 )(£)] Q c = 0.3341 ft 3 /s 
(fy). = (h f ) b = 59 - 23.3 = 35.7 ft = (32.2)(^) 3 (35.7)/[(900)(1.08 x 10 5 ) 2 ] = 1.711 x 10 8 

(N R ). = —V(8)(1.711 x 10 8 ) log [0.00340/3.7 + 2.51/V(2)(1.711 x 10 8 )] = 1.101 x 10 5 
1.101 x 10 s = 4e a /[(^)(1.08 x 10- 5 )(£)] Q a = 0.2336 ft 3 /s 
a b = (32.2)(n) 3 (35.7)/[(600)(1.08 x lO 5 ) 2 ] = 7.604 X 10 7 
(N R ) b = — V(8)(7.604 x 10 7 ) log [0.00510/3.7 + 2.51/V(2)(7.604 x 10 7 )] = 6.908 x 10 4 
6.908 x 10 4 = 4Q„/[(;r)(1.08 x 10“ 5 )(^>] Q„ = 0.0977 ft 3 /s Q a + Q b = 0.2336 + 0.0977 = 0.3313 ft 3 /s 

This value of Q. + Q b = 0.3313 ft 3 /s is practically the same as Q c = 0.3341 ft 3 /s. Hence, take Q„ = 0.235 ft 3 /s, 

Q b = 0.098 ft 3 /s, Q c = 0.333 ft 3 /s. 
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Fig. 11-17 


11.29 For the pipe system in Fig. 11-18, the pressure head at A is 120.0 ft of water and the pressure head at E is 72.0ft 
of water. Assuming the pipes are in a horizontal plane, what are the flows in each branch of the loop? Neglect 
minor losses. 

I h f = 120.0 - 72.0 = 48.0 ft Q = 1.318ACR 0 “s 0 54 

Q b = 1.318[(jr)0i) 2 /4](100)[(H)/4] O63 (48.0/12 000)° 54 = 2.19 ft 3 /s 
Qc = 1.318[(jr)(^) 2 /4](100)[(n)/4] O63 (48.0/4000) 054 = 1.37 ft 3 /s 
Q B = 1.318[(>r)(i) 2 /4](100)[(i§)/4] 0 63 (48.0/8000)° 54 = 1.69 ft 3 /s 


B 
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Fig. 11-18 


11.30 In Fig. 11-18, if the total flow is 6.50 mgd, how much head loss occurs between A and E and how does Q divide 
in the loop? 

f The total flow will divide in the loop in the same proportions as in Prob. 11.29. Hence, Q B = 

[2.19/(2.19 + 1.37 + 1.69)](6.50) = 2.71 mgd, or 4.20 cfs; Q c = [1.37/(2.19 + 1.37 + 1.69)](6.50) = 1.70mgd, or 
2.62 cfs; Q d = [1.69/(2.19 +1.37 +1.69)](6.50) = 2.09 mgd, or 3.24 cfs; Q = 1.318AC« a<53 s a54 . For pipe B, 

4.20 = 1.318[(^)Gi) 2 /4](100)[(l§)/4] 0 63 j° 54 , s = 0.01334; (h f ) B = (0.01334)(12 000) = 160 ft. This is the head loss 
between A and E. It should, of course, be the same when computed by pipes C and D. To confirm this, for pipe 
C, 2.62 = 1.318[(jr)(£) 2 /4](100)[(&)/4] 0 63 s° * s = 0.04010; {h f ) c = (0.04010)(4000) = 160 ft. For pipe D, 

3.24 = 1.318[(jr)(i) 2 /4](100)][0§)/4]°“s 0M , s = 0.02005; (h f ) B = (0.02005)(8000) = 160 ft. 


11.31 For the system shown in Fig. 11-19, what flow will occur when the drop in the hydraulic grade line from A to B 
is 200 ft? 

f Assume (h f ) wz = 30 ft. Using Fig. A-13: For pipe 2, with d = 12 in and hi — 5555 = 0.0060, Q 2 — 3.2 ft 3 /s. For 
pipe 3, with d = 16 in and hi = 5^5 = 0.0100, Q 3 = 9.0 ft 3 /s. For pipe 1, with d = 24 in and Q = 3.2 + 9.0 = 

12.2 ft 3 /s, (h t ) 1 = 0.0024 ft/ft; (h f ) AW = (0.0024)(10 000) = 24.0 ft. For pipe 4, with d = 20 in and Q = 12.2 ft 3 /s, 
(hi) 4 = 0.0060 ft/ft; (h,) ZB = (0.0060)(8000) = 48.0 ft, (h f ) A . B = 24.0 + 30 + 48.0 = 102.0 ft. This value of 
(hf) A ~ B = 24.0 + 30 + 48.0 = 102.0 ft is not equal to the given value of 200 ft, but the actual head losses will be in 
the same proportions as those above. Hence, (h f ) AW = (24.0/102.0)(200) = 47.06 ft. For pipe 1, with d = 24 in 
and hi = 47.06/10 000 = 0.0047, Q = 18 cfs. 


6000-12" 

A 10,000'—24" W 
C =120 35 

11.32 In Prob. 11.31, what length of 20-in pipe with C = 120 is equivalent to section A-Bl 

I From Prob. 11.31, it is known that a flow of 18 cfs is produced when the drop in the hydraulic grade line 
from A to B is 200 ft. For 18 cfs in a 20-in pipe, from Fig. A-13, hi = 0.012 ft/ft, 0.012L, = 200, L e = 16 700 ft. 



C =120 

Z 8000 -20" B 
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3000'—16" 

C =120 


Fig. 11-19 
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11.33 In Fig. 11-20, when pump YA delivers 5.00 cfs, find the pressure heads at A and B. Draw the hydraulic grade 
lines. 

f Reduce loop BC to an equivalent pipe, 16 in in diameter, C = 100. By so doing, a single-size pipe of the 
same relative roughness is readily handled for all conditions of flow. Assume a drop in the grade line of 22 ft 
ftom B to C. Q = 1.31M/? 06 Y ) 54 . 

For the 10-in pipe: Q w = 1.318[(jr)(i§) 2 /4](90)[(i§)/4] 0 “(22/10 000)° 54 = 0.8843 cfs. 

For the 8-in pipe: Q s = 1.318[(^)(£) 2 /4](100)[(&)/4f “(22/11000)° 54 = 0.5190 cfs. Q totaI = 0.8843 + 0.5190 = 
1.403 cfs. For a 16-in-diameter equivalent pipe with C = 100, 1.403 = 1.318[(jt)(t|) 2 /4](100)[(t|)/4] 0 6 ^ 0 54 , 
s = 0.0004313 ft/ft; 0.0004313L, = 22, L e = 51000 ft. For a 16-in-diameter pipe from A to C with a length of 
16 000 + 51000 = 67 000 ft and carrying 5.00 cfs, 5.00 = 1.318[(^)(H) 2 /4](100)[(j|)/4] 0 63 i° 5 \ = 0.004537 ft/ft; 
h f = (0.004537)(67 000) = 304.0 ft. Thus the elevation of the hydraulic grade line at A is 217.0 + 304.0 = 521.0 ft, 
as shown in the figure. The drop from A to B is (0.004537)(16 000) = 72.6 ft and the elevation of the hydraulic 
grade line at B becomes 521.0 — 72.6 = 448.4 ft. Pressure head at A = 521.0 — 50.0 = 471.0 ft, pressure head at 
B = 448.4 - 50.0 = 398.4 ft. 



11.34 In Fig. 11-21, which system has the greater capacity, ABCD or EFGH'! Use C = 120 for all pipes. 

# Assume Q = 3 cfs in ABCD. Using Fig. A-13, 

(h, ) AB = 0.0014 ft/ft (h f ) AB = (0.0014)(9000) = 12.6 ft 

(/i,) flc = 0.0053 ft/ft (h f ) BC = (0.0053)(6000) = 31.8 ft 

(/ii)co = 0.013 ft/ft (h/)A B = (0.013)(3000) = 39.0 ft (h f ) toM = 12.6 + 31.8 + 39.0 = 83.4ft (for ABCD) 

For EFGH, assume {h f ) FG = 24 ft. 

(h,) F ,a = 5§50 = 0.00480 ft/ft (h^Fjc = 7055 = 0.00343 ft/ft Q FIC = 0.97 cfs Q FJG = 1.6 cfs 

Hence, pipe FIG carries 0.97/(0.97 + 1.6) = 0.3774, or 37.74 percent of the flow and pipe FJG carries 
1.6/(0.97 + 1.6) = 0.6226, or 62.26 percent. For Q = 3.0 cfs in pipe EF, 

(h x ) EF = 0.00074 ft/ft (h f ) FF = (0.00074)(11 000) = 8.1 ft Q FIG = (0.3774)(3.0) = 1.13 cfs 
(h,) FrG = 0.0060 ft/ft (h f ) FIG = (0.0060)(5000) = 30.0 ft 

For Q = 3.0 cfs in pipe GH, 

(h 1 ) GH = 0.013 ft/ft (h f ) GH = (0.013)(2500) = 32.5 ft (h f ) tMal = 8.1 + 30.0 + 32.5 = 70.6 ft (for EFGH) 

Since EFGH carries the assumed flow of 3.0 cfs with a lesser head loss than ABCD, it (EFGH) has the greater 
capacity. 


9000'—16" 6000'—12" SOOO'-IO" 

A B CD 


H^OP'-IS" _ 5000 -8" __ 2500'—10" 


E 

F 

r 

G 

H 



7000'—10" 




T 

Fig. 11-21 
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11.35 Three pipes A, B, and C are interconnected as shown in Fig. 11-22. The pipe characteristics are as follows: 


pipe 

D, in 

L, ft 

/ 

A 

6 

2000 

0.020 

B 

4 

1600 

0.032 

C 

8 

4000 

0.024 


Find the rate at which water will flow in each pipe. Find also the pressure at point P. Neglect minor losses. 

I pjY + vi/2g + Zi=P2/Y + vl/2g + z 2 + h L ( 1 ) 

h L = h f = (f)(L/d)(v 2 l2g) = 0.020[2000/(£)]K/[(2)(32.2)]} 

+ 0.024[4000/(fi)]{v£/[(2)(32.2)]} = 1.242t£ + 2.236v 2 c 
0 + 0 + 200 = 0 + Uc/[(2)(32.2)] + 50 + 1.242u 2 + 2.236v 2 c 

150 = 1.242t£ +2.252 v 2 c (2) 

Qa + Qb = Qc [(*)(£)74](tu) + [(jr)(n) 2 /4](w fl ) = [(jr)(A) 2 /4](u c ) 

0.1963^ + 0.08727u B = 0.3491u c (2) 

(h f ) A = (h f ) B 0.020[2000/(^)]{u 2 /[(2)(32.2)]} = 0.032[1600/(£)]{u 2 /[(2)(32.2)]} v B = 0.1211 v A 

Substituting into Eq. (3), 0.1963^ + (0.08727)(0.7217u^) = 0.3491u C) v A - 1.346u c - Substituting into Eq. (2), 
150 = (1.242)(1.346v c ) 2 + 2.252v 2 c , v c = 5.772 ft/s; Q c = A c v c = [(jt)(&) 2 /4](5.772) = 2.01 ft Vs, v A = 
(1.346)(5.772) = 7.769 ft/s, Q A = [(jt)(£) 2 /4](7.769) = 1.53 ft 3 /s. Substituting into Eq. (3), (0.1963)(7.769) + 
0.08121v b = (0.3491)(5.772), v B = 5.614 ft/s; Q B = [(n:)(^) 2 /4](5.614) = 0.490 ft 3 /s. To find p P , apply Eq. (1) 
between points P and 2. (p P )(144)/62.4 + v%/2g + 120 = 0 + v\/2g + 50 + 0.024[4000/(^)]{5.772 2 /[(2)(32.2)]}, 
v 2 p/2g = vi/2 g, p P = 1.95 lb/in 2 . 


El 50 

2- Fig. 11-22 

11.36 Figure 11-23 shows an element of a sugar refinery. Smooth brass pipes 1, 2, and 3 are 550 ft of 2-in diameter, 

350 ft of 3-in diameter, and 600 ft of 4-in diameter, respectively. If the net flow of molasses (v = 6.5 x 10 -5 ft 2 /s) 
is 0.7 ft 3 /s, find the head loss from A to B and the flow in each pipe. 

I h f = (f)(L/d)(v z /2g) (&/), = (Mz = (M 3 

/ l [550/(A)]{v?/[(2)(32.2)]} =/ 2 [350/(£)]{t>V[(2)(32.2)]} =/ 3 [600/(^)]{uI/[(2)(32.2)]} (1) 

If/t=/2=/3, 

51.24v? = 21.74u 2 = 27.95vf v 2 = 1.535^ u 3 = 1.354v, Q,a t s, = Q, + Q 2 +Q 3 = A,v,+A 2 v 2 + A 3 v 3 

0.1 = [(jr)(s) 2 /4](u,) + [(7t)(^) 2 /4](1.535u,) + [(^)(^) 2 /4](1.354u 1 ) 
v, = 3.251 ft/s u 2 = (1.535)(3.251) = 4.990 ft/s v 3 = (1.354)(3.251) = 4.402 ft/s 

N r = dv/v, (N*), = (£)(3.251)/(6.5 x 10~ 5 ) = 8336, (N R ) 2 = (£)(4.990)/(6.5 x 10~ 5 ) = 19 192, ( N R ) 3 = 
(tj)(4.402)/(6.5 x 10“ s ) = 22 547. For Reynolds numbers in this range the Blasius formula can be used to 
determine friction factors: / = 0.316/A^ 25 . 

/, = 0.316/8336° 25 = 0.0331 f 2 = 0.316/19 192° 25 = 0.0268 f 3 = 0.316/22 547° 25 = 0.0258 
Substituting these values of/into Eq. (1), 

0.0331[550/(£)]{uV[( 2)(32.2)]} = 0.0268[350/(£)]{v!/[(2)(32.2)]} = 0.0258[600/(£)]{uf/[(2)(32.2)]} 
1.696u 2 = 0.5826u! = 0.7211u 3 u 2 = 1.706^ u 3 =1.534v, 
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11.37 


11.38 


0.7 = [(*)(£) 2 /4](Vi) + [(*)(£) 2 / 4 K 1 - 706u2 > + K*) ( “) 2/4 K 1 - 534w ‘ ) 

Vl = 2 918 ft/s ti, = (1.706)(2-918) — 4.978 ft/s (1.534X2.918) = 4.476 ft/s 

(A/.), - (M<2.918)/(6.5 8 10->) - 7482 (AW, - (A)(4.978)/(6.5 8 10’) -19148 
cN R ) 3 = (A)(4.476)/(6.5 X 10" 5 ) = 22 954 

/, = 0.316/7482° 25 = 0.0340 / 2 = 0.316/19 146° 25 - 0.0269 U = 0-316/22 954“ 25 = 0.0257 

0.0340[550/(^)]{u?/[(2)(32.2)]} = 0.0269(350/(^)] { ^1/[(2) (32.2)]> 

= 0. 0257[600/(tj)] {vll [(2)(32.2)]} 

1.742u, = 0.5848u 2 = 0.7183w| v 2 =1.726v, v 3 = 1.557v, 

0 7 = [(^)(A) 2 /4](«.) + [(jr)(^) 2 /4Kl-726v,) + [(^)(^) 2 /4](l-557u a ) 
t», = 2.888ft/s v 2 = (1.726)(2.888) = 4.985 ft/s u, - (l-557)(2.888) = 4.497 ft/s 
( N R ), = (-,(2.888)/(6.5 x 10- 5 ) = 7405 (N R ) 2 = (tk)(4.985)/(6.5 X 10-) = 19 173 

(Nr ) 3 = (£)(4.497)/(6.5 x lO' 5 ) = 23 062 

/, = 0.316/7405“-0.0341 (OK.) 0.316/19173“-0.0269 (O.K.) 

/ 3 = 0.316/23 062 o25 = 0.0256 (O.K.) 

S, - tW(W/4]<2.880) - 0.0630 ft’/s C, - l«(A>741<«85) - 0.245 ft>/. 

Q 3 = K^)(^) 2 /4](4.497) = 0.392 ft 3 /s 

(h f ) A B = (M> = 0.0341[550/(*)]{2.888 2 /[(2)(32.2)]) = 14.6 ft 



Fig. 11-23 


v 3 = 3.667u, 


N r = dv/v 


epeat Prob. 11.36 for a flow rate of 0.07 ft 3 /s. 

Assume this flow will be laminar. h f = (32v)(L/gD 2 )(v). Since (*,). = (h f ) 2 = (h f ) 3 , 

L,u,/D 2 = L 2 v 2 /Dl = L 3 v 3 /Dl 550t>i/(u) 2 = 350n 2 /(A) 2 = 600v 3 /(^) 2 v 2 = 3.536n, 

(2,o, al = <2i + Q 2 + (23 = A t v x + A 2 v 2 + A 3 v 3 
0.07 = [(^r)(n) 2 /4]( w i) + l(^)(f 2 ) 2 /4](3.536v 1 ) + [(^)(f 2 ) 2 / 41(3.667^) 

Uj = 0.1358 ft/s y 2 = (3.536)(0.1358) = 0.4802 ft/s n 3 = ( 3 . 667 )( 0 .1358) = 0.4980 ft/s 

rom Fig. A-2, v = 6.5 x 10 5 ft /s; 

(Nr), = (£)(0.1358)/(6.5 X 10' 5 ) = 348 (laminar) 

(Nr ) 2 = (^)(0.4802)/(6.5 x 10" 5 ) = 1847 (laminar) 

(Nr ) 3 = (n)(0-4980)/(6.5 X 10 s ) = 2554 (laminar) 

(2, = [(jr)(^) 2 /4](0.1358) = 0.002% ft 3 /s Q 2 = [(*)(£) 2 /4](0.4802) = 0.0236 ft’/s 
q 3 = [(jt)(^) 2 /4](0.4980) = 0.0435 ft 3 /s 
{hf ) AB = (h f h = (32)(6.5 x 10- 5 )(550/[(32.2)(f 2 ) 2 ]}(0.1358) = 0.174 ft 

Rework Prob. 11.36 if the pMsmeters ore chtmged to: 90 tp of 30-moi (pipe D. 170 m of 40-mn, (pipe 2), 90 m 
of 50-mm (pipe 3); v = 4.8 x 10“° m 2 /s; 6 L/s net flow. 
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11.39 


f Assume Reynolds numbers between 3000 and 100 000, in which case the Blasius equation can be used to 
determine/: h f = (f)(L/d)(v 2 /2g), f = 0.316/A^ 25 , N R = dv/v. Therefore, 


, T 0.316 ]/L\/u 2 \ 0.316v o25 ZV 75 , Lv' 75 

f l(du/v)° 25 J W/\2g/ _ 2 gd' 25 hf * d 125 

(90)(v[ 75 )/(0.030)' 25 = (120)(v 2 75 )/(0.040) 1 ' 25 = (90)(t>i 75 )/(0.050)' 25 


(h f )x — ( h f ) 2 — ( h f ) 3 
v, = 0.9597 v 3 = 1.382u 2 


Gtotal = Q\ + Q 2 + 03 = v, + A 2 v 2 + A 3 v } 

6 x 10“ 3 = [(?r)(0.030) 2 /4](0.9597 u 2 ) + [(jt)(0.040) 2 /4](u 2 ) + [(;r)(0.050) 2 /4](1.382t/ 2 ) 
v 2 = 1.291 m/s v, = (0.9597)(1.291) = 1.239 m/s v 3 = (1.382)(1.291) = 1.784 m/s 
(N R ), = (0.030)(1.239)/(4.8 x 10- 6 ) = 7.74 x 10 3 (N R ) 2 = (0.040)(1.291)/(4.8 x 10“*) = 1.08 x 10 4 

(N R ) 3 = (0.050)(1.784)/(4.8 x 10“ 6 ) = 1.86 x 10 4 
Hence, use of the Blasius equation is O.K. 


Q, = [(jt)( 0.030) 2 /4](1.239) = 0.00088 m 3 /s or 0.88 L/s 
Q 2 = [(jr)(0.040) 2 /4](1.291) = 0.00162 m 3 /s or 1.62 L/s 
Q 3 = [(jt)( 0.050) 2 /4](1.784) = 0.00350 m 3 /s or 3.50 L/s 


(h f ) AB = (*,).= 


(0.316)(4.8 X 10' 6 ) o25 (90)(1.239) 1 ’ 


(2)(9.807)(0.030) 1 25 

Repeat Prob. 11.38 for a net flow of 0.5 L/s; other parameters as in Prob. 11.38. 


= 7.91 m 


f Assume laminar flow, in which case the following equation can be used to determine head loss: 
h f = (32 v)(L/gd 2 )(v), h r « Lv/d 2 . 


(h f ), = (h f ) 2 = (h f ) 3 90v,/(0.030) 2 = 120u 2 /(0.040) 2 = 90u,/(0.050) 2 v, = 0.7500v 2 v 3 = 2.083u 2 

(2 total = Q\ + Q 2 + Q 3 ~A,V, + A 2 v 2 + A 3 v 3 
0.5 X 10~ 3 = [(jt)(0. 030) 2 /4](0. 7500v 2 ) + [(jt)(0.040) 2 /4](v 2 ) + [(tt)(0.050) 2 /4](2.083u 2 ) 
v 2 = 0.08508 m/s v, = (0.7500)(0.08508) = 0.06381 m/s v 3 = (2.083)(0.08508) = 0.1772 m/s 
(N R ), = (0.030)(0.06381)/(4.8 x 10~ 6 ) = 399 (laminar) 

(N r ) 2 = (0.040)(0.08508)/(4.8 x 10 6 ) = 709 (laminar) 

(N r ) 3 = (0.050)(0.1772)/(4.8 x 10 6 ) = 1846 (laminar) 

Q, = [( jt)( 0.030) 2 /4] (0.06381) = 0.0000451 m 3 /s or 0.0451 L/s 
Q 2 = [(tt)( 0.040) 2 /4](0.08508) = 0.0001069 m 3 /s or 0.1069 L/s 
Q 3 = [(jr)(0.050) 2 /4](0.1772) = 0.0003479 m 3 /s or 0.3479 L/s 
( hf) AB = (hf), = (32)(4.8 x 10 _6 ){90/[(9.807)(0.030) 2 ]}(0.06381) = 0.0999 m or 1cm 


11.40 Figure 11-24 shows a network of cast iron pipes. Given a flow of 24 cfs, find the head loss from A to D. Neglect 
minor losses. 

I Qn= A„V2gh L /(f„)(L„/d n ) or Q„ = C„\fh l ., where C„ = A„\l2gdJf n L n . Assume f,=f 2 =f 3 = 0.019. 

C 2 = [(^r)(ii)74]V(2)(32.2)(f 4 )/[(0.019)(3300)] = 1.170 
C 3 = [(^)Oi)74]V(2)(32.2)(if)/[(0.019)(2600)] = 0.8%7 
C 4 = [(^)(if) 2 /4]V(2)(32.2)(i|)/[(0.019)(3200)] = 1.659 
<2 2 = [1.170/(1.170 + 0.8967 + 1.659)](24) = 7.537 fP/s 
Q 3 = [0.8967/(1.170 + 0.8967 + 1.659)](24) = 5.776 ft 3 /s 
Q 4 = [1.659/(1.170 + 0.8967 + 1.659)](24) = 10.687 ft 3 /s 
v 2 = QJA 2 = 7. 537/[(jt)(y|) 2 /4] = 7.050 ft/s v 3 = 5.776/[(^)(H) 2 /4] = 7.354 ft/s 

u 4 = 10.687/[(jr)(|f ) 2 /4] = 7.654 ft/s N R = dv/v 

(N r ) 2 = (n)(7.050)/(1.05 x 10~ 5 ) = 7.83 X 10 5 
(N R ) 3 = ({1)(7.354)/(1.05 x 10~ 5 ) = 7.00 X 10 s 
(N R ) A = (H)(7.654)/(1.05 x 10~ 5 ) = 9.72 X 10 5 

(e/d) 2 = 0.00085/(jf) = 0.00073 (e/d) 3 = 0.00085/({§) = 0.00085 (e/d) 4 = 0.00085/(|§) = 0.00064 
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From Fig. A-5, f 2 = 0.0185, f 3 = 0.0195, and/ 4 = 0.0185. 

C 2 = [(jt)(t§) 2 / 4] V (2)(32.2)(H)/[(0.0185)(3300)] = 1.186 
C 3 = [(^)(ii) 2 /4] V(2)(32. 2 )(t§)/ [(0.0195) (2600)] = 0.8852 
C 4 = [(^)Of) 2 /4]V(2)(32.2)(ii)/[(0.0185)(3200)] = 1.585 
Q 2 = [1.186/(1.186 + 0.8852 + 1.585)](24) = 7.785 ft 3 /s 
Q 3 = [0.8852/(1.186 + 0.8852 + 1.585)](24) = 5.811 ft 3 /s 
Q 4 = [1.585/(1.186 + 0.8852 + 1.585)](24) = 10.404 ft 3 /s 
v 2 = Q 2 /A 2 = 7.785/[(^)(ti) 2 /4] = 7.282 ft/s v 3 = 5.811/[0r)G§) 2 /4] = 7.399 ft/s 
t/ 4 = 10.404/[(;r)tf!) 2 /4] = 7.451 ft/s 
(W R ) 2 = (n)(7.282)/(1.05 x 10" 5 ) = 8.09 x 10 s 
( N r ) 3 = (ii)(7-399)/(1.05 x 10' 5 ) = 7.05 x 10 5 
(N R ) 4 = (if)(7.451)/(1.05 x 10- 5 ) = 9.46 X 10 5 
/ 2 = 0.0185 / 3 = 0.0195 and / 4 = 0.0185 (O.K.) 

Q toul = \[h L {C 2 + C 3 + C 4 ) 24 = V(Ai.) S c(l-186 + 0.8852 + 1.585) 

( h L ) BC = 43.09 ft h L = h f = (f)(L/d)(v 2 /2g) 

Vl = 24/[(jr)(rl) 2 /4] = 7.639 ft/s (AT*), = (M)(7.639)/(1.05 x 10 5 ) = 1.46 x 10 6 
(e/d), =0.00085/(g)= 0.00042 /, = 0.0168 

(fcj, = 0.0168[3300/(ff)] {7.639 2 /[(2) (32.2)]} = 25.12 ft u 5 = 24 /[(tt)(^) 2 /4] = 4.889 ft/s 

(JV R ) 5 = (tj)(4.889)/(1.05 x 10 5 ) -1.16 x 10 6 (e/d) s = 0.00085/(1) = 0.00034 / 5 = 0.016 

(/i t ) 5 = 0.016[5200/(!)]{4.889 2 /[(2)(32.2)]} = 12.35 ft (h L ) AD = 25.12 + 43.09 + 12.35 = 80.56 ft 

3300 ft, 14-in. 


Fig. 11-24 

11.41 Find the diameter of the series equivalent of the three parallel pipes in Prob. 11.40. 
f h f = (f)(L/d)(v 2 /2g). Assume / = 0.016: 

v = Q/A = 2AI(nd l l\) = 30.56/d 2 43.09 = (0.016)(2600/d){(30.56/d 2 )7[(2)(32.2)]} d = 1.695 ft 

N k = dv/v = (1.695)(30.56/1.695 2 )/(1.05 x 10“ 5 ) = 1.72 x 10 6 e/d = 0.00085/1.707 = 0.00050 
From Fig. A-5, / = 0.017. Try / = 0.017: 

43.09 = (0.017)(2600/d) {(30.56/d 2 ) 2 / [(2)(32.2)]} d = 1.716 ft 

N r = (1.716)(30.56/1.716 2 )/(1.05 x 10“ 5 ) = 1.70 x 10 6 / = 0.017 (O.K.) 

Therefore, d = 1.716 ft = 20.6 in. 

11.42 For the network of Fig. 11-24, determine the five pipe flows, given the head loss from A to D is 91 ft and all 
pipes have / = 0.017. 

I h, = (f)(L/d)(v 2 /2g) = (fL/d)(Q 2 /2gA 2 ) = (/L/2gd)[Q/(*d 2 /4)] 2 = (1 Zf/jt 2 g)(LQ 2 /d s ) 

Hence, 

hf a LQ 2 /d s (h,) 2 =(h f ) 3 = {h f ) 4 3300e 2 /({|) 5 = 2600<2 2 /({§) 5 = 3200G 2 /({f) 5 

e 2 = 1.305Q 3 Q 4 = 1.850(2 3 Q, = Qs = 02 + G 3 + Q* = 1.305G, + Q 3 + 1.850g 3 = 4.155Q, 

(h,) AD = (h f ) 3 + (h f ) 3 + (h f ) 5 
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91 = {(8)(0. 017)/[(jt ) 2 (32.2)]} [(3300)(4.1550 3 ) 2 /(ft) 5 + (26OO)(0 3 ) 2 /(ft) 5 + (5200)(4.1550 3 ) 2 /(i) 5 ] ] 

0 3 = 6.33 ft 3 /s 0 2 = (1.305)(6.33) = 8.26 ft 3 /s 

G 4 = (1.850)(6.33) = 11.71 ft 3 /s 0, = 0 5 = (4.155)(6.33) = 26.30 ft 3 /s 

11.43 In Prob. 11.42, what percentage increase in the capacity of the system would be achieved by adding another 
12-in pipe 2600 ft long between B and Cl 

I The additional pipe from B to C is identical to pipe 3. As in Prob. 11.42, 

hf = (8/ / Jt 2 g)(LQ 2 / d s ) 0 2 = 1.30503 04= 1-8500, 

0 , = 0 5 = 0 2 + 20 3 + 04 = 1.30503 + 203 + 1.8500s = 5.1550 3 (h,) AD = (h f ) , + (h f ) 3 + (h r ) 5 
91 = {(8)(O.O17)/[(7r) 2 (32.2)]>[(33OO)(5.1550 3 ) 2 /(ft) 5 + (26OO)(0 3 )7({§) 5 + (5200)(5.1550 3 ) 2 /(f§) 5 ] 

0 3 = 5.61 ft 3 /s 0i = 0s= (5.155)(5.61) = 28.92 ft7s 

Increase in capacity = (28.92 — 26.30)/26.30 = 0.100, or 10.0 percent. 

11.44 Compute the flows in all pipes of the system shown in Fig. 11-25. Pipe AB is 800 ft long, 6 in. in diameter, 

f = 0.03; pipe u is 500 ft long, 4 in. in diameter,/ = 0.02; pipe / is 700 ft long, 2 in. in diameter, / = 0.04; pipe 
CD is 300 ft long, 4 in. in diameter, / = 0.02. The tank surface is 84 ft above the free outlet D. 

I h f = (f)(L/d)(v 2 /2g). For B to C, (h f ) u = (h f ),. 

0.02[500/((5)] {v 2 /[(2)(32.2)]} = 0.04[700/(fk)]{w?/[(2)(32.2)]} v u = 2.366d, 

0 = Q u + 0i = A u v u + A,v, = [(*)(£)74](d u ) + [(*)(A) 2 /4](d,) = [(*r)(£) 2 /4](2.366u,) + [(*)(£) 2 /4](d,) 

= 0.2283d, 0 = 0„ + A, v, = 0 U + [(*)(f 2 ) 2 /4](0/O.2283) 

0„ = 0.90440 0, = (1-0.9044X0) = 0.09560 v u = QJA„ = O.9O440/[(«)(A)74] = 10.36Q j 

v AB = Q/A ab = 0/[(^r)(i 2 ) 2 /4] = 5.0930 v u = (10.36 )(d 3B /5.093) = 2.034d„ b h, = (h f ) AB + (h,) u + (h f ) CD 
84 = 0.03[800/(^)]{d 2 b /[(2)(32.2)]} + 0.02[500/((|)]{d 2 /[(2)(32.2)]} + 0.02[300/(&)]{d 2 d /[(2)(32.2)]} ! 

[( Jr )(^) 2 /4](D / i S ) = [(tt)(^) 2 /4](d C £)) v C d = 2.250v ab 
84 = 0.03[800/(f 2 )]{D 2 B /[(2)(32.2)]} + 0.02[500/(^)]{(2.034d / , b ) 2 /[(2)(32.2)]} 

+ 0.02[300/(^)]{(2.250d / , b ) 2 /[(2)(32.2)]} 

v AB = 4.533 ft/s Q = Q ab = [(jr)(£) 2 /4](4.533) = 0.890 ft 3 /s 0 CD = Q AB = 0.890 ft 3 /s 
0„ = (0.9044) (0.890) = 0.805 ft 3 /s 0, = (0.0956)(0.890) = 0.085 ft 3 /s 


Fig. 11-25 

11.45 Rework Prob. 11.44 if pipe AB is 400 m long, 200 mm in diameter, and/ = 0.03; pipe u is 300 m long, 100 mm 
in diameter, and/ = 0.02; pipe / is 200 m long, 150 mm in diameter, and/ = 0.025; pipe CD is 700 m long, 

300 mm in diameter, and/ = 0.018; the tank surface is 94 ft above D. 

I ( h f ) u = (h f )„ 0.02[300/(0.100)] {d 2 /[(2)(9.807)]} =0.025[200/(0.150)]{d?/[(2)(9.807)]> d„ = 0.7454d, 

Q = Qu + Q, = A U V U + A,v, = [(JT)(0. 100) 2 /4](d„) + f(yr)(0. 150) 2 /4 ](d,) 

= [(^)(0.100) 2 /4](0.7454d,) + [(;r)(0. 150) 2 /4](d,) 

0 = 0.02353d, 0 = 0„ + A,v, = Q U + [(jt)(0. 15O) 2 /4](0/0.02353) 

Qu = 0.24900 0, = (1 - O.249O)(0) = 0.75100 d„ = QJA U = O.249O0/[(;r)(O.100) 2 /4] = 31.700 

v AB = Q/A ab = 0/[0r)(0.200)74] = 31.830 d„ = (31.70)^/31.83) = 0.9959v AB 

hf = (hf) AB + (hf) u + (hf)cD 
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11.47 


11.48 


11.49 


94 = 0.03[400/0.200]{t£ B /[(2)(9.807)]} + 0.02[300/0.100]{t/ 2 /[(2)(9.807)]} 

+ 0.018[700/0.300] {t>c D /[(2)(9.807)]} 

[(*)(0.200) 2 /4](v, B ) = [(jt)(0.300) 2 /4](u cd ) v cd = 0.4444u, fi 
94 = 0.03[400/0.2003{t> 2 B /[(2)(9.807)]} + 0.02[300/0.1001{(0.9959^ fl ) 2 /[(2)(9.807)]} 

+ 0.018[700/0.300]{(0.4444u /ls ) 2 /[(2)(9.807)]} 

v AB = 3.798 m/s Q = Qab = [(*)(0.200) 2 /4](3.798) = 0.1193 m 3 /s Qco = Qab = 0.01193 m 3 /s 
Q u = (0.2490)(0.1193) = 0.0297 m 3 /s Q, = (0.7510)(0.1193) = 0.0896 m 3 /s 

Here, as in Prob. 11.44, the question remains open as to whether the computed flows are physically 
realizable. It all depends on the elevations of junctions B and C. 


Pump P in Fig. 11-26 develops 27 ft of head, producing a velocity of flow in pipe C of 5 fps. Neglecting minor 
losses, find the flow rates in pipes A and B. The parameters are: pipe A-4200 ft long, 2 ft diameter, / 0.03, 

pipe B —4200 ft long, 1 ft in diameter, / = 0.03; pipe C —4200 ft long, 2 ft in diameter, / 0. 

I h f = (f)(L/d)(v 2 /2g) (h,) A = (0.03)( 4 t s ){u^/[( 2)(32.2)]} = 0.9783u 2 (Me = (Me - V-p 

(h f )c = (0.02)( 4 r a ){5 2 /[(2)(32.2)]} = 16.30 ft (Me = 16.30 - 27 = -10.70ft 
Hence the energy is greater at the right end of C and flow will be to the left in A. 

0.9783U 2 , = 10.70 v„ = 3.307 ft/s Q A =A a v a = [(*)(2) 2 /4](3.307) = 10.39 ft 3 /s (to the left) 
Q c = [(jr)(2) 2 /4](5) = 15.71 ft 3 /s (to the right) 

Qb = Qa + Qc= —10.39 + 15.71 = -5.32 ft 3 /s (to the right) 



Fig. 11-26 


In Prob. 11.46, find the elevation (El) of pipe B at discharge. 

I E1 b ” El rcservoir iurii.ee 4" fipump V bI^S 

V B = QbIAb = 5.32/[(M(l) 2 /4] = 6.774 ft/s 

(h f ) B = (0.03)( 4 t s ){ 6.774 2 /[(2)(32.2)]} = 89.78 ft 2 h f = 16.30 + 89.78 = 106.08 ft 

El s = 21.5 + 27 - 106.08 - 6.774 2 /[(2)(32.2)] = -58.3 ft 

Repeat Prob. 11.46 given that the velocity in pipe C is 3 fps and all other data remain the same, 
f h f = {f)(L/d)(v 2 /2g) (h/) A = (0.03)( i f Q ){uy[(2)(32.2)]} = 0.9783v 2 (Me = (Me “ V-i p 

(h f ) c = (0.02)( 4 f 9 ){3 2 /[(2)(32.2)]} = 5.87 ft (Me = 5.87 - 27 = -21.13 ft 

Hence the energy is greater at the right end of C and flow will be to the left in A. 

0.9783V 2 , =21.13 u, = 4.647ft/s Q A =A a v a = [(nr)(2) 2 /4](4.647) = 14.60ft 3 /s (to the left) 

Q c = [(jt)( 2) 2 /4)(3) = 9.42 ft 3 /s (to the right) 

Qb = Qa + Qc= -14.60 + 9.42 = -5.18 ft 3 /s (to the left) 

In Prob. 11.48, find the elevation of pipe B at discharge. 

I Els = El re5ervo ir surface + M-p ~ 2 ^ 18 /[CM( 1 ) 2 / 4 1 = 6-595 ft/. 

(h f ) B = (0.03)( 4 t q ){ 6.595 2 /[(2)(32.2)]} = 85.10ft ^h f =5.87- 85.10 = -79.23 ft 

Els = 21.5 + 27 - (-79.23) + 6.595 2 /[(2)(32.2)] = 127.8 ft 
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11.50 Refer to Fig. 11-26. Assume the water surface in the reservoir is at elevation 94 m. Pipes A, B, and C are all 
840 m long, and they all have diameter of 0.7 m, with / = 0.022. Neglecting minor losses, find the flow rate in all 
pipes, supposing that the pump develops 9 m of head when the velocity in pipe C is 3.6 m/s. 

I h f = (f)(L/d)(v 2 /2g) (hf) A = 0.022[840/(0.7)]{o*/[(2X9.807)]} = 1.346u 2 (h L ) c = (h f ) c - /, pump 
( h f ) c = 0.022[840/(0.7)] {3.6 2 /[(2)(9.807)]} = 17.44 m (h L ) c = 17.44 - 9 = 8.44 m 
1.346t/^ = 8.44 v A = 2.50 m/s 
Qa =A a v a = [(jt)( 0.7) 2 /4](2.50) = 0.962 m 2 /s (to the right) 

Qc = [(jr)(0.7) 2 /4](3.6) = 1.385 m 3 /s (to the right) 

Qb = Qa + Qc = 0.962 + 1.385 = 2.347 m 3 /s (to the right) 

11.51 In Prob. 11.50, find the elevation of pipe B at discharge. 

^ filfl I^lrcservoir surface "1" pump “ 'Zhf- v 2 B /2g v B = Q b /A b = 2.347/[(jt)( 0.7) 2 /4] = 6.099 m/s 


( h f ) B = 0.022(840/(0.7)]{6.099 2 /[(2)(9.807)]} = 50.07 m £ h f = 17.44 + 50.07 = 67.51 m 
El s = 94 + 9 - 67.51 - 6.099 2 /[(2)(9.807)] = 33.6 m 


11.52 


Using n = 0.013 and neglecting minor losses, express the head loss through the pipe system of Fig. 11-27 in the 
form of h L - KQ X . 


h L = 


n 2 v 2 L 


n 2 Q 2 L 


(1.486) 2 (R 2/3 ) 2 (1.486)7? 4/3 A 2 

(O.O13) 2 (0) 2 (1OOO) 


(h L ) AB — 


(O.O13) 2 (0) 2 (5OO) 


(h L )c 


(1.486) 2 [(tS)/ 4] 4/3 [(jr)(tf ) 2 /4] 2 

(Qx)(4000) 


Q\Ly Q\L 2 

rTa 2 rTa\ 

Qi - 3.2690 2 

(fif.)sFC = 


(1.486) 2 [(g)/4] 4/3 [(.r)(i) 2 /4] 2 
= O.O9O630 2 (h L ) BEC = (h L ) BFC 
(@(5000) 


O.OO977O0 2 


[(H)/4H(^(il) 2 /4] 2 [(‘!)/4f 3 [(^)(il) 2 /4] 2 
Q — Qi + Qi — 3.2690 2 + 0 2 02 = 0.2342(2 

(O.O13) 2 (0 2 ) 2 (5OOO) 


; = 3.93902 


(1.486) 2 [(t1)/4] 4/3 [(jt)(|§) 2 /4] 2 
(h L ) BFC = (3.939) (0.23420) 2 = O.O54850 2 (h L ) AD = 0.009770 0 2 + O.O9O630 2 + O.O54850 2 = 0.1550 2 


4000 ft c 

500 ft 18 in 1000» n 

^ 24 in. diamS. ^ S000 ft 18 ' n -d' 311 * 

12 in. diani F Fig. 11-27 


11.53 A pipe system, connecting two reservoirs whose difference in surface elevation is 13 m, consists of 320 m of 

60-cm concrete pipe (pipe A), branching into 640 m of 30 cm (pipe B) and 640 m of 45 cm (pipe C) in parallel, 
which join again to a single 60-cm line 1300 m long (pipe D). f = 0.032 for all pipes, calculate all flows. 

I (M»“(Mc h f = (/)(L/D)(u 2 /2g) 

(/)[640/0.30] { u|/ [(2) (9.807)]} =/[640/0.45]{o 2 c /[(2)(9.807)]} v c = 1.225u B Q A = Q B + Q c 

[(^)(0.60) 2 /4](u /4 ) = [(jr)(0.30)74(v B ) + [(rr)(0.45) 2 /4](u c ) 0.2827u„ = 0.07069u„ + 0.1590w c 

0.2827V,, = 0.07069v B + (0.1590)(1.225v B ) v B = 1.065v„ 

Convert the parallel pipes to a single equivalent 60-cm-diameter pipe. 

/[640/0.30]{u|/[(2)(9.807)]}=/[L e /0.60]{t; 2 /[(2)(9.807)]} 

108.8VI = 0.08497LX (108.8)(1.065v„) 2 = 0.08497L,v 2 L, = 1452 m AE1 = ^h f 

13 = 0.032[(320 + 1452 + 1300)/0.60]{v 2 /[(2)(9.807)]} v A = 1.248 m/s 
Qa = A A V A = [(jt)( 0.60) 2 /4](1.248) = 0.353 m 3 /s Q d = Qa= 0.353 m 3 /s v B = (1.065)(1.248) = 1.329 m/s 
0 fl = [(jt)( 0.30) 2 /4](1.329) = 0.094 m 3 /s Qc=Qa~Qb = 0.353 - 0.094 = 0.259 m 3 /s 
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11.54 Refer to Fig. 11-27. Suppose pjy = 6.5 ft, p D /y = 20 ft, and z A = z D . A pump in the 4000-ft pipe (flow from left 


to right) develops 30 ft of head. Find the flow rate in each pipe. Assume n = 0.013 for all pipes. 

I Qab = Qbec ~ Qbfc = Qcd ( 1 ) 

6.5 ~{hf) AB =p B ly ( 2 ) 

p fl /y + /«pun,p-(A / W=pc/y (3) 

Pc/Y-(h f ) B Fc=PB/y (4) 

Pci y — (hf) C D = 20 (5) 

h f = n VL/(1.486/? 2/3 ) 2 v ab = Q ab !A ab = Q ab I[{x){%YI4\ = O.31830„ B 

(/*,W = (0.013) 2 (0.3183e^) 2 (500)/{(1.486)[(^)/4n 2 = O.OO97690 2 * (6) 

V BEC = Qs£c/[(' 7r )(if ) 2 /4] = 0.56590s EC 

(h/) B Ec = (0.013) 2 (0.5659Q B£C ) 2 (4000)/{(1.486)[(H)/4f 3 } 2 = O.36250| £c (7) 

v sfc = l2fli=c/[(^)(ii) 2 /4] = 1.2730** 

(Mbk = (O.O13) 2 (1.2730BFc) 2 (5OOO)/{(1.486)[(i)/4] 2/3 ) 2 = 3.9380^ (*) 

u CD = 0 c D /[(^)(t!) 2 /4] = O.56590 Ci) 

(h f )c D = (O.O13) 2 (O.56590 CD ) 2 (lOOO)/{(1.486)[(H)/4] 2/3 } 2 = O.O9O630 2 co (9) 


Substitute Eqs. (6), (7), (8), and (9) into Eqs. (2), (3), (4), and (5), respectively, and then solve 
simultaneously between Eqs. (2), (3), (4), and (5), introducing also Eq. (1). Two equations result, such as 

Qbec ~ 2Q B ecQbfc ~ 37.40 Qbfc = — 132 Q\ec + 1O.70bfc = 82 

By trial and error, Qbec- 6.25cfs and Q BFC = 2.00cfs. Hence, Q AB =6.25 - 2.00 = 4.25 cfs. 





CHAPTER 12 

Branching Pipeline Systems 



12.1 In Fig. 12-1, find the flows for the following data: L, = 200 m, D, = 300 mm, e,/Z), = 0.0002, z, = 700 m, 

Pi = 7 atm; L 2 = 300 m, D 2 = 350 mm, e 2 /D 2 = 0.00015, z 2 = 400 m,p 2 = 2 atm; L 3 = 400 m, D 3 = 400 mm, 
e 3 /D 3 = 0.0001, z 3 = 100 m, p 3 = 3 atm. The fluid is water with v = 0.113 x 10~ 5 m 2 /s. 

f We first calculate H u H 2 , and H 3 . Thus, Hi = z, + (7)(p atm )/y = 700 4- (7)(101325)/9806 = 772.3 m, 

H 2 = z 2 + (2)(p atm )/y = 400 + (2)(101 325)/9806 = 420.7 m, tf 3 = z 3 + (3)(p alm )/y = 100 + (3)(101325)/9806 = 
131.0 m. Now estimate H, = 380 m. We will hence use the continuity equation for test purposes. We can then 
say that (772.3 - 380) = (l/g)/ 1 (200/0.300)(V?/2), (420.7 - 380) = (l/g)/ 2 (300/0.350)(V|/2), (380 - 131.0) = 
(l/g)/>(400/0.400)(V , 3/2). Estimating/, = 0.014, f 2 = 0.013, and/ 3 = 0.012, we can compute velocities and the 
flows q t . We get 

V, = 28.72 m/s «?, = (jt/ 4)(0.300 2 )(28.72) = 2.03 m 3 /s 

V 2 = 8.465 m/s q 2 = (^/4)(0.350 2 )(8.465) = 0.814 m 3 /s 

V 3 = 20.18 m/s q 3 = (jt/ 4)(0.400 2 )(20.18) = 2.536 m 3 /s 

We see that (^, + q 2 ) >q 3 . Asa second estimate, we increase H } and use more accurate friction factors. Using 
the preceding velocities, we now find a second set of friction factors: (N R ) X = (28.72)(0.300)/(0.0113 x 10~ 4 ) = 
7.625 x 10 s , fi = 0.014; (N R ) 2 = (8.465)(0.350)/(0.0113 X 10 ‘ 4 ) = 2.622 x 10 6 , f 2 = 0.0134; (N K ) 3 = 
(20.18)(0.400)/(0.0113 x 10 4 ) = 7.143 X 10 6 , f 3 = 0.012. Suppose we next choose Hj to be 400 m. Thus, we still 
use the continuity equation. We get the following results: V, = 27.98 m/s, q, = 1.977 m 3 /s; V 2 = 5.95 m/s, 
q 2 = 0.5721 m 3 /s; V 3 = 20.97 m/s, q 3 = 2.635 m 3 /s. 

Note that (q, + q 2 ) < q 3 . We now interpolate to get the final result. That is, Hj - 380 m gave us a value 
(<?i + 42 ) - q 3 - 0.308, while H, = 400 m gave us a value (q 3 + q 2 ) - q 3 - -0.0859. Hence we choose a final Hj to 
be Hj = 380 + [0.308/(0.308 + 0.0859)](400 - 380) = 396 m. For this we get q x = 1.988 m 3 /s = 1988 L/s, q 2 = 
0.6249 m 3 /s = 624.9 L/s, q 3 = 2.616 m 3 /s = 2616 L/s. We come very close to satisfying the continuity equation so 
the above are the desired flows. 



12.2 The three-cistern system of Fig. 12-2 contains water at 5 °C, compute the three volumetric flows, given: 

Li = 2000 m, L 2 = 2300 m, L 3 = 2500 m; D, = 1 m, D 2 = 0.60 m, D 3 = 1.20 m; £,/D, = 0.00015, e 2 /D 2 = 0.001, 
c 3 /D 3 = 0.002. 

I We assume initially a junction head hj = z, + (p ; /y) = 80 m. Using h f -f(L/d)(v 2 /2g) for each branch we 
get: 

(120 — 80) =/,(2000/l)(vf/2g) (100 of n = / 2 (2300/0.60)(t^/2g) (80 - 28) =/ 3 (2500/1.20)(u|/2g) 
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Guessing/, = 0.013, f 2 = 0.020, f 3 = 0.023, we obtain 

v , = 5.494 m/s 0, = (jr/4)(l 2 )(5.494) = 4.315 m 3 /s 

v 2 = 2.262 m/s 0 2 = (zr/4)(0.60) 2 (2.262) = 0.6396 m 3 /s 

u 3 = 4.6136 m/s 0 3 = (w/4)(1.2) 2 (4.6136) = 5.218 m 3 /s 
Checking with the continuity equation, 


Q\ + 02 = 4.955 ] 
0 3 = 5.2179J 


A = (0, + 0 2 ) - 03—0.2629 


we decrease hj to 76 m. Then 


(120 - 76) = 0.013( 2 r Q )(u?/2g) u, = 5.7613 m/s 
(100 - 76) = 0.020(2300/0.6)(u 2 /2g) = 2.4779 m/s 

(76 - 28) = 0.023(2500/1.20)(u 3 /2g) v 3 = 4.4326 m/s 


0, =4.5249 m 3 /s 
0 2 = O.7OO6 m 3 /s 
0 3 = 5.O132 m 3 /s 


0, + 02 = 5.2261 
0 3 = 5.013 J 


A = 0.213 m/s 


Interpolation now yields: 


hj = 80 - [0.2629/(0.213 + 
u, = 5.643 m/s 
v 2 = 2.3837 m/s 
t/ 3 = 4.5145 m/s 


0.2629)](4) = 77.7903 m 
0, - 4.432 m 3 /s 
02 = 0.674 m 3 /s 
0 3 = 5.106 m 3 /s 


Checking: 


0, + 02 = 4.432 + 0.674 = 5.106 
Therefore, Q, - 4.39 m 3 /s, 0 2 = 0.661 m 3 /s, 0 3 = 5.048 m 3 /s. 


q 3 = 5.106 


O.K. 



Fig. 12-2 


The system of Fig. 12-3(a) holds water at 60 °F. Data are: p = 50 psig; z, = 700 ft, L, = 2000 ft, D, =3 ft, 
(e/D), = 0.001; z 2 = 650 ft, L 2 = 2500 ft D 2 = 3.5 ft, (e/D) 2 = 0.002; z 3 = 100 ft, L 3 = 2200 ft, D 3 = 4 ft, 

(e/D) 3 - 0.002. Determine the three pipe flows. 

I The heads for the free surfaces are h t = 700 ft, h 2 = 650 ft, h 3 = 100 + (50)(144)/62.4 = 215.4 ft. Initially we 
take hj to be 450 ft. Applying h r =f(L/d)(v 2 /2g), 

(700 - 450) =/i(2000/3)(v 2 /2g) (650 - 450) =/ 2 (2500/3.5)(u;/2g) 

(450 — 215.4) =/ 3 (2200/4)(u|/2g) 

Guessing/, = 0.02, f 2 = 0.023, f 3 = 0.023, we solve for the velocities and flows: 

u, = 34.75 ft/s 0, = 245cfs v 2 = 28.0 ft/s 0 2 = 269.4 cfs 
u 3 = 34.56 ft/s 0, = 434.3 cfs 
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Checking continuity: Q x + Q 2 = 245 + 269.4 = 514 cfs, Q 3 = 434.3 cfs; A = 79.7 cfs. We increase h t to 475 ft. 
(700 - 475) = (0.02)(2000/ 3)(v]/2g) (650 - 475) = (0.023)(2500/3.5)t>|/2g 

(475 - 215.4) = (0.023)(2200/4)(u!/2g) 

from which 

v, = 32.96 ft/s Q, =233 cfs = 26.19 ft/s G 2 = 252cfs v 3 = 36.35 ft/s Q, = 456cfs 

Check continuity again: Q, + Q 2 = 485, Q 3 = 456 ft 3 /s; A = 29.0 cfs. Extrapolating A to zero [Fig. 12-3(6)], we 
get hj = 487 ft: 

(700 - 487) = (0.02)(2000/3)(u?/2g) (650 - 487) = (0.023)(2500/3.5)(ul/2g) 

(487 - 215.4) = (0.023)(2200/4)(t>l/2g) 
u, = 32.07 ft/s Q, =226.7 cfs v 2 = 25.27 ft/s Q 2 = 243.2 cfs 
v 3 = 37.185 ft/s Q 3 = 467.3 cfs 

Check continuity: (2i + C ?2 = 469.9, Q 3 = 467.3 ft 3 /s; close enough. Therefore, £?, = 227 cfs, Q 2 = 243 cfs, 

Q 3 = 467 cfs. 



Fig . 12-3 


12.4 In Fig. 12-4, valve F is partly closed, creating a head loss of 3.60 ft when the flow through the valve is 0.646 mgd 
(1.00 cfs). What is the length of 10-in pipe to reservoir A2 

f Q = 1.318/4 CF 063 j a54 1.00 = 1.318[(^)Oi) 2 /4](80)[(H)/4] 063 (5 ofl ) 054 

s DB = 0.001414 ft/ft 

ih L ) DB = (0.001414)(1000) + 3.60 = 5.01 ft 
If El £ = 0, the grade line elevation at B = 20 - 5.01 = 14.99 ft. 

s BE = (14.99 - 0)/5000 = 0.002998 ft/ft 
Q be = 1.318[(jr)(n) 2 /4](120)[(|§)/4] 063 (0.002998)° M = 2.25 ft 3 /s 
Qab = Qbe ~ Qdb = 2.25 - 1.00 = 1.25 ft 3 /s 
1.25 = 1.318[(^)(]§) 2 /4](100)[(f°)/4] O63 (^ B ) 0 ^ 

Sab = 0.003436 ft/ft = ( h f ) AB /L AB 0.003436 = (20 - 15 - 2 )/L AB L AB = 873 ft 
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12.5 For the constant elevations of the water surfaces shown in Fig. 12-5a, what flows will occur? 

I Because the elevation of the hydraulic grade line at C cannot be computed (all flows unknown), the problem 
will be solved by successive trials. A convenient assumption is to choose the elevation of the hydraulic grade 
line at C at 190.0 ft. By so assuming, flow to or from reservoir B will be zero, reducing the number of 
calculations thereby. With this assumption, 

Q = 1.318ACfl°“s 054 s ac = (212.0 - 190.0)/8000 = 0.002750 ft/ft 
Q ab = 1.318[(jr)(fi) 2 /4](100)[(fi)/4] o,s3 (0.002750)° S4 =11.1 ft 3 /s 
s CD = (190.0 - 100.0)/4000 = 0.02250 ft/ft 
Qcd = 1.318[(x)OI) 2 /4](100)[({1)/4] 0 “(0.02250)° 54 = 5.57 ft 3 /s (away from C) 

Examination of these values of flow indicates that the grade line at C must be higher, thereby reducing the flow 
from A and increasing the flow to D as well as adding flow to B. In an endeavor to “straddle” the correct 
elevation at C, assume a value of 200.0 ft. Thus, for elevation at C = 200.0 ft, 

s AC = (212.0 - 200.0)/8000 = 0.001500 ft/ft 
Q ab = 1.318[(zr)(ft) 2 /4](100)[(f|)/4] 0 “(0.001500)° 54 = 7.99ft 3 /s 
s CD = (200.0 - 100.0)/4000 = 0.02500 ft/ft 
Qcd = 1.318[(jr)(i|) 2 /4](100)[(ii)/4] O63 (0.02500) 054 = 5.90 ft 3 /s (away from C) 
s CB = (200.0 - 190.0)/4000 = 0.002500 ft/ft 
Q ca = 1.318[(^)(n) 2 /4](120)[(if)/4] O 63 (0.002500)° 54 = 4.35 ft 3 /s (away from C) 

The flow away from C is 5.90 + 4.35, or 10.25 ft 3 /s compared with the flow to C of 7.90 ft 3 /s. Using Fig. 12-56 to 
obtain a guide regarding a reasonable third assumption, connect plotted points R and S. The line so drawn 
intersects the (Q to - Qaway) zero abscissa at approximately Q to = 8.8 ft 3 /s. Inasmuch as the values plotted do not 
vary linearly, use a flow to C slightly larger, say 9.2 ft 3 /s. For Q = 9.2 ft 3 /s to C (i.e., Q AB = 9.2 ft 3 /s), 

9.2 = 1.318[(^r)(i2) 2 /4](100)[(it)/4]° 63 s° 54 , S/IC = 0.001948ft/ft; (h f ) AC = (0.001948)(8000) = 15.6ft. Then, the 
hydraulic grade line at C will be 212.0 - 15.6 = 196.4 ft. 

s CD = (196.4 - 100.0)/4000 = 0.02410 ft/ft 
Q cd = 1.318[(7r)(n) 2 /4](lO0)[(n)/4] O63 0.02410 O 54 = 5.78 ft 3 /s (away from C) 
s CB = (196.4 - 190.0)/4000 = 0.001600 ft/ft 
Q cb = 1.318[(x)(H) 2 /4](120)[(H)/4] 0 “0.001600° 54 = 3.42 ft 3 /s (away from C) 

The flow away from C is 5.78 + 3.42, or 9.20 ft 3 /s compared with the flow to C of 9.2 ft 3 /s; hence these values of 
Qac, Qcd, and Q cb must be O.K. 

12.6 Three pipes connect three reservoirs as shown in Fig. 12-6 at these surface elevations: z, = 20 m, z 2 = 100 m, and 
z 3 = 40 m. The pipe data are 


pipe 

L, m 

d, m 

c, mm 

e /d 

1 

100 

8 

0.24 

0.003 

2 

150 

6 

0.12 

0.002 

3 

80 

4 

0.20 

0.005 
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(b) 


The fluid is water, p = 1000 kg/m 3 , and v = 1.02 x 10 6 m 2 /s. Find the resulting flow in each pipe, neglecting 
minor losses. 

f As a first guess, take hj equal to the middle reservoir height, z 3 = hj = 40 m. This saves one calculation 
(Qi = 0) and enables us to get the lay of the land: 


reservoir 

hj, m 

z, ~ hj, m 

fi 

V„ m/s 

Q„ «n 3 /h 

L,/d, 

1 

40 

-20 

0.0267 

-3.43 

-62.1 

1250 

2 

40 

60 

0.0241 

4.42 

45.0 

2500 

3 

40 

0 


0 

0 

2000 






E £> = -17-1 



Since the sum of the flow rates toward the junction is negative, we guessed hj too high. Reduce h } to 30 m and 
repeat: 


reservoir 

hj,m 

B 

* 

1 

f 

V„mls 

Q„ m 3 /h 

1 

30 

-10 

0.0269 

-2.42 

-43.7 

2 

30 

70 

0.0241 

4.78 

48.6 

3 

30 

10 

0.0317 

1.76 

8.0 


E <2 = 12.9 


This is positive E Q, and so we can linearly interpolate to get an accurate guess: hj ~ 34.3 m. Make one final 


reservoir h,, m z, — hj, m f V„ m/s Q,, nr’/h 


1 

34.3 

-14.3 

0.0268 

-2.90 

-52.4 

2 

34.3 

65.7 

0.0241 

4.63 

47.1 

3 

34.3 

5.7 

0.0321 

1.32 

6.0 


E Q • 0.7 


This is close enough; hence we calculate that the flow rate is 52.4 m 3 /h toward reservoir 3, balanced by 
47.1 m 3 /h away from reservoir 1 and 6.0 m 3 /h away from reservoir 3. 

One further iteration with this problem would give h, = 34.53 m, resulting in Q, = -52.8, Q 2 = 47.0, and 
Q 3 = 5.8 m 3 /h, so that E Q = 0 to three-place accuracy. 

*2 



0 ) 


( 3 ) 


Fig . 12-6 
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12.7 For the three-reservoir system of Fig. 12-7, z x = 29 m, L x = 80 m, z 2 = 129 m, L 2 = 150 m, z 3 = 69 m, and 

L 3 = 110 m. All pipes are 250-mm-diameter concrete with roughness height 0.5 mm. Compute the flow rates for 
water at 20 °C. 

I h f = ( f)(L/d)(v 2 /2g ). Guess h a = 69 m: (h f ) x = z, - h a = 29 - 69 = -40 m, eld = 0.5/250 = 0.00200 (for all 
pipes), N R = dv/v. Try v x = 10 m/s: (N R ) X = (0.250)(10)/(1.02 x 10~ 6 ) = 2.45 x 10 6 . From Fig. A-5,/, = 0.0235. 

40 = 0.0235(80/0.250] { u 2 /[(2)(9.807)]} v x = 10.21 m/s 

(A«), = (0.250)(10.21)/(1.02 x 10~ 6 ) = 2.50 x 10 6 /, = 0.0235 (O.K.) 

Q, = A t v, = [(^)(0.250) 2 /4](10.21) = 0.5012 m 3 /s (away from a) 

( h f ) 2 = z 2 - h a = 129 - 69 = 60 m 

Try v 2 = 10 m/s: 

(A r ) 2 = (0.250)(10)/(1.02 x 10~ 6 ) = 2.45 x 10 6 f 2 = 0.0235 
60 = 0.0235[150/0.250] {u|/[(2)(9.807)]} v 2 = 9.136 m/s 

(M?) 2 = (0.250)(9.136)/(1.02 x 10 -6 ) = 2.24 x 10 6 /,= 0.0235 (O.K.) 

Q 2 = [(tt)( 0.250) 2 /4](9.136) = 0.4485 m 3 /s (toward a) 

( h/) 3 = z 3 — h a — 69 — 69 = 0 m 

Hence, Q 3 = 0; Q toa — Q fToma = 0.4485 — 0.5012 = —0.0527 m 3 /s. Hence h a must be a little lower. Try 
h a = 68.5 m: ( h f ) x = z, — h a — 29 — 68.5 = —39.5 m. Try u, = 10 m/s: 

(A«), = (0.250)(10)/(1.02 x 10~ 6 ) = 2.45 x 10 6 /, = 0.0235 

39.5 = (0.0235)[80/0.250]{uf/[(2)(9.807)]} w, = 10.15 m/s 
(A„), = (0.250)(10.15)/(1.02 x 10“ 6 ) = 2.49 x 10 6 /, = 0.0235 (O.K.) 

Qi = [(jt)( 0.250) 2 /4](10.15) = 0.4982 m 3 /s (away from a) 

(h f ) 2 = z 2 — h a = 129 - 68.5 = 60.5 m 

Try v 2 = 10 m/s: 

(N r ) 2 = (0.250)(10)/(1.02 x 10" 6 ) = 2.45 x 10 6 f 2 = 0.0235 
60.5 = 0.0235(150/0.250] {u 2 /[(2)(9. 807)]} v 2 = 9.174 m/s 

(N r ) 2 = (0.250)(9.174)/(1.02 x 10“ 6 ) = 2.25 x 10 6 f 2 = 0.0235 (O.K.) 

Q 2 = f(zr)(0.250) 2 /4](9.174) = 0.4503 m 3 /s (toward a ) 

(h f ) 3 = z 3 - h a = 69 - 68.5 = 0.5 m 

Try u 3 = 1 m/s: 

(N r ) 3 = (0.250)(1)/(1.02 X 10 -6 ) = 2.45 x 10 5 f 3 = 0.0244 
0.5 = 0.0244[110/0.250] { u|/[(2)(9.807)]} v 3 = 0.9558 m/s 

(N r ) 3 = (0.250)(0.9558)/(1.02 x 10" 6 ) = 2.34 x 10 5 f 3 = 0.0244 (O.K.) 

Q 3 = [(jr)(0.250) 2 /4](0.9558) = 0.0469 m 3 /s (toward a) 

Qroa - Qf rom * = (0.4503 + 0.0469) - 0.4982 = -0.001 m 3 /s 
Hence, Q, = 0.498 m 3 /s from a, and Q 2 = 0.450 m 3 /s and Q 3 = 0.047 m 3 /s toward a. 



OL> 


Fig. 12-7 
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12.8 The three pipes in Fig. 12-8 are cast iron: <i, = 7 in, L, = 2000ft; d 2 — 5 in, L 2 = 1000ft; d 3 = 8 in, L 3 = 1500ft. 
Compute the flow rates for water at 68 °F. 

f h, = (f)(L/d)(v 2 /2g). Guess h } = 48 ft: (h f ), = z, - fc, = 18 - 48 = -30 m, (e/d), = 0.00085/(£) = 0.00146, 
N R = dv/v. Try v, = 5 ft/s: (N*), = (£)(5)/(1.02 x 10" 5 ) = 2.86 X 10 s . From Fig. A-5, /, = 0.0225. 

30 = 0.0225[2000/(^)]{u5/[(2)(32.2)]} u, = 5.004 ft/s (value of/, O.K.) 

Qi = A,v, = [(jr)(i^) 2 /4](5.004) = 1.337 ft 3 /s (away from J) 

(h f ) 2 = z 2 - hj = 98 - 48 = 50 ft 

Try u 2 = 7 ft/s: 

(N„) 2 = (tk)(7)/(1.02 x 10 s ) = 2.86 x 10 s 
(e/d) 2 = 0.00085/(,|) = 0.00204 f 2 = 0.024 
50 = 0.024[1000/(^)]{ul/[(2)(32.2)]} v 2 = 7.477 ft/s 
(AW2 = (lO(7.477)/(1.02xHr 5 ) = 3.05 x10 s / 2 = 0.024 (O.K.) 

Q 2 =.[(^)(e) 2 /4](7.477) = 1.020 ft 3 /s (toward/) (^) 3 = - /t 7 = 48 - 48 = 0 ft 

Hence, Q 3 = 0; Q toJ — Q fromJ = 1.020 — 1.337 = —0.317 ft 3 /s. Hence hj must be a little lower. Try hj = 47.35ft: 
(/,,), = 2l - hj = 18 - 47.35 = -29.35 m. Try u, = 5 ft/s: 

(N r ), = (f 2 )(5)/(1.02 x 10~ 5 ) = 2.86 X 10 5 /, = 0.0225 

29.35 = 0.0225[2000/(£)]{v?/[(2)(32.2)]} u,= 4.950 ft/s (value of/j O.K.) 

Q\ = [(Jr)(^) 2 /4](4.950) = 1.323 ft 3 /s (away from /) 

(h f ) 2 = z 2 - hj = 98 - 47.35 = 50.65 ft 

Try u 2 = 7.5 ft/s: 

(N r ) a = (^)(7.5)/(1.02 x 10 5 ) = 3.06 x 10 5 f 2 = 0.024 
50.65 =s 0.024[1000/(fj)]{v 2 /[(2)(32.2)]} u 2 = 7.525 ft/s (value of f 2 O.K.) 

Q 2 = [(?r)(n) 2 /4](7.525) = 1.026 ft 3 /s (toward /) 

(fc,) 3 = z 3 - hj = 48 - 47.35 = 0.65 ft 

Try v 3 = 1 ft/s: 

(/V*) 3 - (£)(1)/(1.02 x 10- 5 ) = 6.54 x 10 4 
(e/d) 3 = 0.00085/(£) = 0.00128 / 3 = 0.024 

0.65 = 0.024[1500/(&)]{t>|/[(2)(32.2)]} u 3 = 0.8804 ft/s 
(^ R ) 3 = (^)(0.8804)/(1.02xl0- 5 ) = 5.75 x10“ / 3 = 0.024 (O.K.) 

Q 3 = [(Jt)(n) 2 /4](0.8804) = 0.307 ft 3 /s (toward /) 

Q.o/ - <2f.om/ = (1 026 + 0.307) - 1.323 = 0.010 ft 3 /s 
Hence, Q, = 1.323 ft 3 /s from /, and Q 2 = 1.026 ft 3 /s and Q 3 = 0.307 ft 3 /s toward /. 



12.9 In Fig. 12-9 find the discharges for water at 20 °C with the following pipe data and reservoir elevations: 

L, = 3000 m, D, = 1 m, eJD, = 0.0002; L 2 = 600 m, D 2 = 0.45 m, e 2 /D 2 = 0.002; L } = 1000 m, D 3 = 0.6 m, 
e 3 /D 3 = 0.001; z, = 30 m, z 2 = 18 m, z 3 = 9 m. 

f Assume z, + p,/y = 23 m. Then 7 =H w F)(V\/2g), /j = 0.014, Vi = 1.75 m/s, = 1.380 m 3 /s; 5 = 
/ 2 (600/0.45)(V 2 /2g), f 2 = 0.024, V 2 = 1.75 m/s, <2 2 = 0.278 m 3 /s; 14 =/ 3 (1000/0.60)(V|/2g), / 3 = 0.020, V 3 = 
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2.87 m/s, Q 3 - 0.811 m 3 /s; so that the inflow is greater than the outflow by 1.380 - 0.278 - 0.811 = 0.291 m 3 /s 
Assume z, + Pj /y = 24.6 m. Then 5.4 =M^F)(V 2 J2g), /, = 0.015, V, = 1.534 m/s, 0, = 1.205 m 3 /s; 

6.6 =/ 2 (600/0.45)(V|/2g), f 2 = 0.024, V 2 = 2.011 m/s, Q 2 = 0.320m 3 /s; 15.6 = / 3 (1000/0.60)(Vl/2g), 

f 3 — 0.020, V 3 = 3.029 m/s, Q 3 — 0.856 m 3 /s. The inflow is still greater by 0.029 m 3 /s. By extrapolating linearly, 

z/+p y /y = 24.8 m, £?, = 1.183, 02 = 0.325, 0 3 = O.862m 3 /s. 


Fig. 12-9 



12.10 Prepare a computer program to balance the flows in a system of N reservoirs connected by a common junction. 
Use the data of Prob. 12.9 to check out the program. 

I 10 REM B: N reservoirs with a common junction 

20 DEFINT I,N: DEF FNQ(D1,D2,D3,DH)=D1*DH*LOG(D2+D3/DH) 

30 READ N,G,KV1S,II: DATA 3,7.806,1.007E-6,15 

40 LPRINT: LPRINT"N,6,KVIS,1I="iNjGjKVISj11 

50 ZMA=-1000!: ZMI=10O0' 

60 FOR' 1 = 1 TO N: READ L<I),D(1),EP(I),Z(I) 

70 LPRINT"L,D,EP,Z = ";L(I> jD(I>;EP(I> jZ(I) 

80 NEXT I 

90 DATA 3000., 1 .0002,30.,600.,.45,.0009,18.,1000.,.6,.0006,9. 

100 FOR 1 = 1 TO N: C=SQR(G*D(I)/L(I>>: El (I > =-. 9650001*D < I) ■'2*C 

110 E2U)=EP(I)/(3.7*D(I))i E3 (I) = 1.784* KVIS/ (D (I) tC) > FOR EQ. <5. 8. 15) 

120 IF Z(I)>ZMA THEN ZMA=Z(I) ’ ELEV. OF HIGHEST RESERVOIR 

140 NEXT ^ I * < THEN ZMI “ Z<I) ’ EL EV. OF LOWEST RESERVOIR 

150 FOR 11=1 TO 15: HJUN=.5t (ZMA+ZMI): S=0! • START BISECTION METHOD 

160 FOR 1=1 TO N :HF=Z(I)-HJUN: HFS=SQR(ABS<HF)) 

170 Q(I)=FNQ(El<I),E2 <I),E3(I),HFS)*SGN(HF) 

180 S=S+Q (I) : PR I NT "HF, Q, S="; HF; Q < I) j S 

190 NEXT I 

200 IF S>0' THEN ZMI=HJUN ELSE ZMA=HJUN 
210 NEXT II 

220 LPRINT"ELEVATION OF JUNCTION IS “j HJUN 

230 LPRINT-PIPE DISCHARGES ARE (POSITIVE INTO THE JUNCTION)" 

240 FOR 1=1 TO N: LPRINT"Q(";I;“)=";: LPRINT USING" *•#.#«« ":Q(I); 

250 NEXT I: LPRINT 

N,G,KVIS,11= 3 9.806001 1.007E-06 15 

L,D,EP,Z= 3000 1 .0002 30 

L,D,EP,Z= 600 .45 .0009 18 

L,D,EP,Z= 1000 .6 .0006 9 

ELEVATION OF JUNCTION IS 24.8801 

PIPE DISCHARGES ARE (POSITIVE INTO THE JUNCTION) 

Q< 1 *= 1.198 Q( 2 )= -0.329 Q( 3 )= -0.B69 


12.11 Calculate the three volumetric flows in Fig. 12-10. 

I (e/D) AJ = 1/200 = 0.0050 (e/D)*, = 1/200 = 0.0050 (e/D)^ = 3/300 = 0.0100 

f AJ = 0.032 f BJ = 0.032 /„= 0.038 h, = <J)(L/D)(v 2 /2g) = (f)(L/D s )(8Q 2 /gx 2 ) 

28 - hj = O.O32[lOOO/(O.2OO) 5 ]{80i,/[(9.8O7)(;r) 2 ]} = 82650 2 


} 2 aj 


25 - hj = 0.032[300/(0.200) 5 ]{8GL/[(9.807)(jr) 2 ]} = 24800 2 
hj — 15 = 0.038[600/(0.3OO) 5 ]{80c/[(9.807 )(jt) 2 ]} = 775.50; 

Try Ay = 19 m: 

28 - 19 = 8265Q 2 y Q AJ = 0.03300 m 3 /s 25-19 = 248001, 

19 — 15 = 775.501, 0c = 0.07182 m 3 /s 
0to) 0 from J 0.03300 + 0.04919 - 0.07182 = 0.01037 m 3 /s 


Qbj = 0.04919 m 3 /s 
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Try hj = 20 m: 

28 - 20 = 8265(21, Q AJ = 0.03111 m 3 /s 25 - 20 = 2480QL Q BJ = 0.04490 m 3 /s 
20-15 = 775.5(2^ <2 a = 0.08030 m 3 /s 

Qtcj ~ Quo^j = 0.03111 + 0.04490 - 0.08030 = -0.00429 m 3 /s 

Try hj = 19.7 m: 

28 - 19.7 = 8265(21, Q M = 0.03169 m 3 /s 25- 19.7 = 2480(21, Qbj = 0.04623 m 3 /s 
19.7 — 15 = 775.5(21, Q a = 0.07785 m 3 /s 
Q loJ - Q fIomJ = 0.03169 + 0.04623 - 0.07785 = 0.00007 m 3 /s 
Hence, Q C j = 77.8 L/s from J, and (2 a, = 31.7 L/s and Q BJ = 46.2L/s toward J. 



Fig. 12-10 


12.12 Calculate the five volumetric flows in Fig. 12-11. 

I h f = (f)(L/D)(v 2 /2g) = (f)(L/D 5 )(8Q 2 lgn 2 ) 

hj~ 78 = 0.025[600/(0.600) 5 ]{8e^/[(9.807)(nr) 2 ]} = 15.9450^ 
hj- 88 = 0.030[600/(0.450) 5 ]{8<2|/[(9.807)(jt) 2 ]} = 80.624Q 2 
h, -hj = 0.030(900/(0.450) 5 ] {8gy [(9.807 )(jt) 2 ] } = 120.94(2^ 

98 - h f = 0.030[300/(0.450) s ]{8Qc/[(9.807)(flr) 2 ]} = 40.3120^ 

88 - ^ = 0.030[300/(0.450) 5 ]{8Gfl/[(9.807)(jr) 2 ]} = 40.312Q 2 D 

Try hj = 82 m: 

82 - 78 = 15.945<2x Q A = 0.5009 m 3 /s 82 - 88 = 80.624gl Q„ = -0.2728 m 3 /s 

^ - 82 = (120.94)(0.5009 - 0.2728) 2 h, = 88.29 m 
98 - 88.29 = 40.312(21 Qc = 0.4908 m 3 /s 
88 - 88.29 = 40.312(21 Q D = -0.0848 m 3 /s 

If the above values are correct, Qj) (0.5009 — 0.2728 = 0.2281 m 3 /s) must equal Q c + Q D (0.4908 — 0.0848 = 
0.4060 m 3 /s). Since they are not equal, try hj = 83 m and note that Q ri < Q c + Q D : 

83-78=15.945(2^ Q A =0.5600 m 3 /s 83 - 88 = 80.624(21 Q B = -0.2490 m 3 /s 

■s hj — 83 = (120.94)(0.5600 — 0.2490) 2 h t = 94.70 m 
98 - 94.70 = 40.312(2c Qc = 0.2861 m 3 /s 
88 - 94.70 = 40.312(20 Q D = -0.4077 m 3 /s 

If these values are correct, Q ,j (0.5600 - 0.2490 = 0.3110 m 3 /s) must equal Q c + Qd 

(0.2861 - 0.4077 = —0.1216 m 3 /s). Since this time, Qj, > Q c + Qd, the correct value of hj must be between 

82 m and 83 m. Try h, = 82.24 m: 

82.24 - 78 = 15.945(2^ Qa = 0.5157 m 3 /s 82.24 - 88 = 80.624(21 Q B = -0.2673 m 3 /s 
hj - 82.24 = (120.94)(0.5157 - 0.2673) 2 h, = 89.70 m 

98 - 89.70 = 40.312(2c Qc = 0.4538 m 3 /s 
88 - 89.70 = 40.312(2 d Qd = -0.2054 m 3 /s 
If these values are correct, (2y, (0.5157 - 0.2673 = 0.2484 m 3 /s) must equal Q c + Q d 
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(0.4538 — 0.2054 = 0.2484 m 3 /s). Since they are in fact equal, the correct values must be Q A = 516 L/s, 
Q b = 267 L/s, Qjj = 248 L/s, Q c = 454 L/s, and Q D = 205 L/s. 



Fig. 12-11 


12.13 In Fig. 12-12, pipe 1 is 36-in smooth concrete, 5000 ft long; pipe 2 is 24-in cast iron, 1500 ft long; and pipe 3 is 
18-in cast iron, 4000 ft long. The elevations of water surfaces in reservoirs A and B are 300 ft and 250 ft, 
respectively, and discharge Q, is 50 ft 3 /s. Find the elevation of the surface of reservoir C. 

I h f = (f)(L/d)(v 2 /2g) (e/d), = 0.001/(ft) = 0.000333 N K = dv/v 

u, = G,M, = 50/[(jr)(f§) 2 /4] = 7.074 ft/s 
(A/*), = (ff)(7.074)/(1.05 x 10- 5 ) = 2.02 x 10 6 

From Fig. A-5,/, = 0.0157. (h f ) 3 = 0.0157[5000/(ff)]{7.074 2 /[(2)(32.2)]} = 20.33 ft, hj = 300 - 20.33 = 279.67 ft, 
(h f ) 2 = 279.67 - 250 = 29.67 ft. Assume/ 2 = 0.0162: 

29.67 = 0.0162[1500/(S)]{wf/[(2)(32.2)]} v 2 = 12.54 ft/s 
(N r ) 2 = (ft)(12.54)/(1.05 x 10” 5 ) = 2.39 x 10 6 
(e/d) 2 = 0.00085/(^) = 0.000425 f 2 = 0.0162 (O.K.) 

Q 2 = A 2 v 2 = [(jr)(f|) 2 /4](12.54) = 39.40 ft 3 /s Q 3 = 50 - 39.40 = 10.6 ft 3 /s 
v 3 = 10.6/[(7t)(t|) 2 /4] = 5.998 ft/s (N R ) 3 = (t§)(5.998)/(1.05 x 10" 5 ) = 8.57 x 10 5 
(e/d) 3 = 0.00085/Of) = 0.000567 f 3 = 0.0177 
(h r ) 3 = 0.0177[4000/0§)]{5.998 2 /[(2)(32.2)]} = 26.37 ft 
2 C = 279.67 - 26.37 = 253.30 ft 



Fig. 12-12 


12.14 In Prob. 12.13, suppose that the surface elevations of reservoirs A and C are 300 ft and 225 ft, respectively, and 
discharge Q 2 is 20 cfs into B\ other data are unchanged. Find the surface elevation of reservoir B. 

I h f = (f)(L/d)(v 2 /2g) u 2 = e 2 M 2 = 20/[(^)(ff) 2 /4] = 6.366 ft/s N R =dv/v 

(N r ) 2 = (ff)(6.366)/(1.05 x 10" 5 ) = 1.21 x 10 6 
(e/d) 2 = 0.000425 (from Prob. 12.13) 
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From Fig. A-5,/ 2 = 0.0168, (h f ) 2 = 0.0168[1500/(ft)]{6.366 2 /[(2)(32.2)]> = 7.93 ft. 

0i - 03 = 20 (1) 

(h f ), + (h f ) 3 = 300 — 225 = 75 ft (2) 

We need to find an h f in line 1 or 3 such that both Eqs. (1) and (2) are satisfied. Try (h f ) 3 = 64 ft and 
/ 3 = 0.0175: 64 = 0.0175[4000/G§)]{ul/[(2)(32.2)]} u 3 = 9.398 ft/s 

(N R ) 3 = {§(9.398)/(1.05 x 10- 5 ) = 1.34 x 10 6 
(e/d) 3 = 0.000567 (from Prob. 12.13) 
f 3 = 0.0175 (O.K.) Q 3 = A 3 v 3 = [(jr)0§)74](9.398) = 16.61 ft 3 /s 

(3,-16.61 = 20 Q,= 36.61 ft 3 /s 

v, = 36.61/[(jr)(f§) 2 /4] = 5.179 ft/s (N R ), = (f|)(5.179)/(1.05 x lO" 5 ) = 1.48 x 10 6 
(e/d), = 0.000333 (from Prob. 12.13) /, = 0.0158 

(h f ), = 0.0158[5000/(ff)]{5.179 2 /[(2)(32.2)]} = 10.97 ft 
Zbb = Za~ (h f ), - (h f ) 2 = 300 - 10.97 - 7.93 = 281.1 ft 

12.15 Given, in Prob. 12.14, that discharge Q 2 is 20 cfs out of reservoir B, find the elevation of the surface of B. 
f As in Prob. 12.14, (h f ) 2 = 7.93 ft, but Eq. (1) becomes 

<2 3 -G, = 20 (1) 

Equation (2) is the same as in Prob. 12.14; that is, 

(h f ), + (h f ) 3 = 300 — 225 = 75 ft (2) 

We need to find an h f in line 1 or 3 such that both Eqs. (1) and (2) are satisfied. Try (h f ) 3 = 77 ft and 
f 3 = 0.0175: 

77 = 0.0175[4000/({§)]{ul/[(2)(32.2)]} v 3 = 10.31 ft/s 
(W*) 3 = (ii)(10.31)/(1.05 x 10~ 5 ) = 1.47 x 10 6 
(e/d) 3 = 0.000567 (from Prob. 12.13) 
f 3 = 0.0175 (O.K.) 

Q 3 = A 3 v 3 = [(?t)(tI) z / 4](10.31) = 18.22 ft 3 /s 18.22 - Q, = 20 
Q, = —1.78 ft 3 /s (i.e., flow is into reservoir A) 
v, = 1.78/[(jr)(H) 2 /4] = 0.2518 ft/s 
(N r ), = (f|)(0.2518)/(1.05 x 10~ 5 ) = 7.19 X 10 4 
(e/d), = 0.000333 (from Prob. 12.13) f, = 0.0208 
(h f ), = 0.0208[5000/(ff)]{0.25187[(2)(32.2)]} = 0.03 ft 
z B =z A + (h f ), + (h f ) 2 = 300 + 0.03 + 7.93 = 308 ft 

12.16 In Fig. 12-12, assume that 1, 2, and 3 represent 900 m of 60-cm, 300 m of 45-cm, and 1200 m of 40-cm, 
respectively, of new welded steel pipe. The surface elevations of A, B, and C are 32 m, 20 m, and 2 m, 
respectively. Estimate the water flows in all pipes. 

f (e/d), =0.000046/(0.60) =0.0000767 (e/d) 2 = 0.000046/(0.45) = 0.0001022 

(e/d) 3 = 0.000046/(0.40) = 0.0001150 

Assuming complete turbulence (high Reynolds numbers), friction factors for these values of (e/d) will be 
/, = 0.0115, f 2 = 0.0122, and f 3 = 0.0126. 

h f = (f)(L/d)(v 2 /2g) = (f)(L/d s )(8Q 2 /gjr 2 ) 

(h f ), = 0.0115[900/(0.60) 5 ]{8G?/[(9.807)(n:) 2 ]} = 11.00Q? 

(hf) 3 = 0.0122[300/(0.45) 5 ]{8Ql/[(9.807)(jr) 2 ]} = 16.390! 

(h/) 3 = O.O126[12OO/(O.4O) 5 ]{80|/[(9.8O7)(jr) 2 ]} = 122.00! 

32-11.000! = hj 


(1) 
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hj - 16.3902 = 20 or 20 - 16.3901 = hj 

hj - 122.001 = 2 

01 = 02+03 0r 01 + 02 = 03 


( 2 ) 

( 2 ) 

(4) 


Assume no flow in pipe 2, in which case hj = 20 m. 32 -11.0001 = 20, 01 = 1.091; 20 - 122.001 = 2, 

01 = 0.1475. Since 0, > 0 3 , flow must be into reservoir B, and h, > 20 m. By trial and error, hj = 23.5 m. 

32 -11.0001 = 23.5, 0, = 0.879 m 3 /s; 23.5 - 16.3901 = 20, 0 2 = 0.462 m 3 /s; 23.5 - 122.00? = 2, 0 3 = 

0.420 m 3 /s. Check Eq. (4): 0.879 = 0.462 + 0.420,0.879 = 0.882 (close enough). Check the Reynolds numbers 
for normal temperature: 


N r = dv/v v , = 0.879/ [( jt)( 0. 60) 2 /4] = 3.109 m/s 
(N r ), = (0.60)(3.109)/(1.02 x 10“ 6 ) = 1.83 x 10 6 
v 2 = 0.462/[(jt)( 0.45)74] = 2.905 m/s 
(N R ) 2 = (0.45)(2,905)/(1.02 x 10“ 6 ) = 1.28 x 10 6 
v 3 = 0.420/[(jt)( 0.40)74] = 3.342 m/s 
(AT*), = (0.40)(3.342)/(1.02 x 10~ 6 ) = 1.31 x 10 6 


From Fig. A-5, / = 0.0135 approximately for all pipes; hence, the above flows should be multiplied by 
(0.012/0.0135), giving 0, = (0.012/0.0135)(0.879) = 0.781 m 3 /s, 0 2 = (0.012/0.0135)(0.462) = 0.411 m 3 /s, 
0 3 = (0.012/0.0135)(0.420) = 0.373 m 3 /s. Further refinement of these approximations is not justified. 


12.17 Suppose that, in Fig. 12-12, pipe 1 is 1500 ft of 12-in new cast iron, pipe 2 is 800 ft of 6-in wrought iron, and pipe 
3 is 1200 ft of 8-in wrought iron. The water surface of reservoir B is 20 ft below that of A, while junction J is 

40 ft below the surface of A. When the pressure head at J is 30 ft, find the flow in each pipe. 

I (/!,),= 40 - 30 =10 ft (h f ) 2 = (40 — 20) — 30 = —10 ft h f = (f)(L/d)(v 2 /2g) 

Assume /, = 0.019: 

10 = 0.019[1500/(J§)]{i>7[(2)(32.2)]} v, = 4.754 ft/s N R = dv/v 
(N R ), = (}i)(4.754)/(1.05 x 10~ 5 ) = 4.53 x 10 s (e/d), = 0.00085/(jf) = 0.00085 

From Fig. A-5,/, =0.0198. Try/, = 0.0198: 

10 = 0.0198[1500/({§)]{t>7[(2)(32.2)]} u, = 4.657 ft/s 
(N R ), = (jf)(4.657)/(1.05 x 10 -5 ) = 4.44 x 10 5 /= 0.0198 (O.K.) 

0, = A, v, = [(tt)(x|) 2 /4](4. 657) = 3.658 ft 3 /s 

Assume/= 0.015: 

10 = 0.015[800/(&)]{v7[(2)(32.2)]} v 2 = 5.180 ft/s 
(Y«) 2 = (£)(5.180)/(1.05 x 10 -5 ) = 2.47 x 10 5 (e/d) 2 = 0.00015/(/) = 0.00030 /= 0.0175 

Try/= 0.0175: 

10 = 0.0175[800/(£)]{ui/[(2)(32.2)]} u 2 = 4.796 ft/s 
(Y*) 2 = (rk)(4.796)/(1.05 x KT 5 ) = 2.28 x10 s / = 0.0175 (O.K.) 

0 2 = [(jt)(^) 74](4.7%) = 0.942 ft 3 /s 0 3 = 0i - 02 = 3.658 - 0.942 = 2.716 ft 3 /s 

12.18 In the reservoir system of Fig. 12-13, z A = 210 ft, z B = 240 ft, z c = 130 ft, z D = 150 ft, BD = 3000 ft of 4-in cast 
iron pipe, AD = 2000 ft of 1-in steel pipe, and DC = 500 ft of 6-in cast iron pipe. Using/ = 0.025 and neglecting 
minor losses, determine the flow in each pipe. 

f h f • (f)(L/d)(v 2 /2g). Let p D /y = -15 ft: 

(h f ) AD = 210 - 150 - (-15) = 0.025[2000/(/)]{u 3 d /[(2)(32.2)]} v ad = 2.837 ft/s 

(h f ) BD = 240 - 150 - (-15) = 0.025[3000/(£)]{v| d /[(2)(32.2)]} v bd = 5.482 ft/s 

(hf) CD = 130 - 150 - (-15) = 0.025[500/(/)] { Vcd/[(2)(32.2)]} v cd = 3.589 ft/s (away from D) 

If these velocities are correct, Q AD + Q BD must equal 0 CD : Q AD + Q BD = [(^r)(/)74](2.837) + 
[W(ra)74](5.482) = 0.4939 ft 3 /s, 0 CD = [(jr)(^) 2 /4](3.589) = 0.7047 ft’/s. Since they are unequal, try 
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Pd Iy = ~ 17 ft: 

( h f ) AD = 210 - 150 - (-17) = 0.025[2000 /(t 5 )]{u^„/[( 2)(32.2)]} v ad = 2.875 ft/s 

(h f ) BD = 240 - 150 - (-17) = 0.025[3000/(f 2 )]{w 2 BD /[(2)(32.2)]} v BD = 5.534ft/s 

(h f )co = 130 - 150 - (-17) = 0.025[500 /(t^)]{vcd/[( 2)(32.2)]} u cd = 2.789 ft/s (away from D) 
Qad + Qb D = [(^)(i®5) 2 /4](2.875) + [(^)(f 2 ) 2 /4](5.534) = 0.4986 ft 3 /s 
Qcd = [(^)(f 2 ) 2 /4](2.789) = 0.5476 ft 3 /s 
Qad + Qbd is still not equal to Q CD \ try p D /y = -17.4 ft: 

(h f ) AD = 210 - 150 - (-17.5) = 0.025[2000/(f 2 )]{v^ D /[(2)(32.2)]} v AD - 2.884 ft/s 

(h f ) BD = 240 - 150 - (-17.5) = 0.025[3000/(^)]{u| d /[(2)(32.2)]} v bd = 5.547 ft/s 

(*,)„ = 130 - 150 - (-17.5) = 0.025[500/(£)]{v 2 cd /[(2)(32.2)]> v cd = 2.538 ft/s (away from D) 
Qad + Qbd = [(^)(i^) 2 /4](2.884) + [(^)(^) 2 /4](5.547) = 0.4998 ft 3 /s 
Qcd = [(^)(f 2 ) 2 /4](2.538) = 0.4983 ft 3 /s 
Since Q AD + Qbd is close enough to Q CD , take 

Qad = [(^)(t 2> 2 /4](2.884) = 0.015 ft 3 /s (toward D) 

Qbd = [(^)(^) 2 /4](5.547) = 0.483 ft 3 /s (toward D) 

q cd = 0.498 ft 3 /s (away from D) 



Fig. 12-13 


12.19 Three reservoirs A, B, and C whose water-surface elevations are z A = 60 ft, z B = 50 ft, and z c = 32 ft, are 
interconnected by a pipe system with a common junction D, z D = 35 ft. The pipes are as follows, from A to 
junction, L = 800 ft, d = 3 in; from B to junction, L = 500 ft, d = 10 in; from C to junction, L = 1000 ft, a - 4 in. 
Assume / = 0.02 for all pipes and neglect minor losses and velocity heads. Determine whether the flow is into or 

out of reservoir B. 

f Assume no flow between B and D. 

h f = (f)(Lld)(v 2 l2g) (h f ) A = 0.02[800/(£)]{u 2 /[(2)(32.2)]} = 0.9938u 2 
(h f ) c = 0.02[1000/(^)]K/[(2)(32.2)]} = 0.9317u 2 c 
A a v a = A c v c [(^)(n) 2 /4](u /t ) = [(^)(^) 2 /4](u c ) 
v A = 1.778u c ( h f ) A /(h f ) c = 0.99381^/0.9317 v 2 c = (0.9938)(1.778u c ) 2 /0.9317u|. = 3.372 

Hence, (h f ) A = [3.372/(3.372 + 1)](60 - 32) = 21.60 ft, and z D = 60 - 21.60 = 38.40 ft. Since our no-flow 
assumption makes D too high (by 3.40 ft) relative to B, the flow must be out of B into D. 
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Pipe Networks 


13.1 Develop the expression utilized to study flows in a pipe network (Hardy Cross method). 

f The method of attack, developed by Professor Hardy Cross, consists of assuming flows throughout the 
network, and then balancing the calculated head losses (LH). In the simple looping pipe system shown in Fig. 
13-1, for the correct flow in each branch of the loop, 

LH abc =LH adc or UW-UW = 0 (1) 

In order to utilize this relationship, the flow formula to be used must be written in the form LH = kQ". For the 
Hazen-Williams formula, this expression is LH = kQ i as . 

But, since we are assuming flows Q„, the correct flow Q in any pipe of a network can be expressed as 
Q = Q 0 + A, where A is the correction to be applied to Q 0 . Then, using the binomial theorem, 
kQ' KS = k(Q a + A) 185 = k(Ql 8S + 1.85Q‘ 85-1 A -I— •). Terms beyond the second can be neglected since A is 
small compared with Q 0 . 

For the loop above, substituting in expression (1) we obtain k(Q x 0 gs + 1.850® 85 A) — k(Q 1 a ^ s + 1.85Q". 85 A) = 
0, fc«2i 85 - Qo as ) + l.85k(Q 0 o RS - Q°J 5 ) A = 0. Solving for A, 

A = -k{Q^ - Q' 0 gs )l[l.85k(QT ~ Q°'. 85 )] (2) 

In general, we may write for a more complicated loop, 

A=-XkQi 85 /(1.85S*e” 85 ) (2) 

But kQl * 5 = LH and kQ° a 85 = (LH )/Q a . Therefore 

A= —^ (LH)/[1.85]£ (LH/£><,)] for each loop of a network (4) 

In utilizing expression (4), care must be exercised regarding the sign of the numerator. Expression (1) 
indicates that clockwise flows may be considered as producing clockwise losses, and counterclockwise flows, 
counterclockwise losses. This means that the minus sign is assigned to all counterclockwise conditions in a loop, 
namely flow Q and lost head LH. Hence to avoid mistakes, this sign notation must be observed in carrying out a 
solution. On the other hand, the denominator of (4) is always positive. 



cx 


Fig. 13-1 


13.2 In Fig. 13-2, for Q = 11.7 mgd total, how much flow occurs in each branch of the loop, using the Hardy Cross 
method? 

f Values of Q n and Q, 6 are assumed to be 4.0 mgd and 7.7 mgd, respectively. The tabulation below is 
prepared, (note the -7.70 mgd), the values of S calculated by Fig. A-17, then LH = SxL, and LH/ Q„ can be 
calculated. Note that the large £ LH indicates that the Q's are not well-balanced. (The values were assumed 
deliberately to produce this large £ LH, to illustrate the procedure.) 


D 

L 

assumed 

Qo mgd 

s, 

ft/1000 ft 

LH, ft LH/g„ 

A 


12 in 

16 in 

5000 ft 
3000 ft 

4.00 

-7.70 

19.5 

-16.3 

97.5 24.4 

-48.9 6.4 

-0.85 

-0.85 

3.15 

-8.55 

|£| = 11.70 

£ = +48.6 30.8 


11.70 


A = -2 LH/[1.85 2 (LH/Q)] = - (+48.6)/[1.85(30.8)] = -0.85 mgd 
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Then the Q, values become (4.00 - 0.85) = 3.15 mgd and (-7.70 - 0.85) = -8.55 mgd. Repeating the 
calculation produces 


s 

LH LH/0, 

A 

Q^ 

*r> oo 
c4 Os 

vH rH 

1 

62.5 19.80 

-59.4 6.95 

1 1 
© o 

3.09 

-8.61 

E = +3.1 26.75 

11.70 


No further calculation is necessary, since the slide rule or chart cannot be read to the accuracy of 0.06 mgd. 
Ideally, £ LH should equal zero, but this goal is seldom attained. 


SOOO'-IS" 



Cl = 120 


Q ^ W 


X + Q 


3000 '— 16 " 

w 


C, = 120 



Fig. 13-2 


13.3 For the pipe network giving pipe diameters and lengths and external flows entering and leaving the network as 
shown in Fig. 13-3a, find the flow rate in each pipe in the network. 

f The first iteration in carrying out the Hardy Cross analysis is given in the table below. A detailed 
explanation corresponding to steps in carrying out the procedure is given after the table. 


Iteration No. 1 

Loop I 


(1) 

pipe 

no. 

(2) 

length, 

ft 

(3) 

diameter, 

in 

(4) 

flow rate (Q), 
fP/s 

(5) 

unit head loss, 
ft/ft 

(6) 

head loss (h f ), 
ft 

(7) 

h,IQ 

s/ft 2 

given 

given 

given 

estimated or 
assumed 

from pipe 
diagram 

(2) X (5) 

(6)/(4) 

i 

2000 

18 

7.00 

0.0034 

6.800 

0.971 

2 

900 

24 

3.50 

0.000235 

0.212 

0.061 

3 

2800 

12 

-2.19 

-0.0029 

-8.120 

3.708 

4 

1100 

24 

-7.00 

-0.00085 

-0.935 

0.134 






-2.043 

4.874 


Loop II 


(1) 

pipe 

no. 

(2) 

length, 

ft 

(3) 

diameter, 

in 

(4) 

flow rate ( Q ), 
fP/s 

(5) 

unit head loss, 
ft/ft 

(6) 

head loss (h f ), 
ft 

(7) 

h/IQf 

s/fP 

given 

given 

given 

estimated or 
assumed 

from pipe 
diagram 

(2) X (5) 

(6)/(4) 

5 

2200 

12 

3.50 

0.0070 

15.400 

4.400 

6 

750 

18 

-3.14 

-0.00078 

-0.585 

0.186 

7 

2600 

24 

-5.69 

-0.00057 

-1.482 

0.260 

2 

900 

24 

-3.50 

-0.00023 

-0.207 

0.059 


• 


■ 


13.126 

4.905 
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Step 1: Columns (1), (2), and (3) in the table above record given data. Flow rates recorded in column (4) are 
the initial flow rate estimates. These are listed on the sketch of Fig. 13-36, but they are not “given” data. The 
flow rate of 14.00 cfs entering joint A was estimated to separate such that 7.00 cfs goes through pipe 1 and an 
equal amount goes through pipe 4. At joint F, since 7.00 cfs enters the joint from pipe 4 and 4.81 cfs leaves the 
joint externally, the flow rate in pipe 3 has to be 2.19 cfs (that is, 7.00 cfs — 4.81 cfs) in the direction away from 
joint F in order to satisfy the principle that the total flow entering a joint must be equal to the total flow leaving 
that joint. Remaining flow rates were estimated in a similar manner, making sure that for each joint the total 
flow entering equaled the total flow leaving. It should be noted that clockwise flows in each loop (such as in 
pipes 1 and 5) are indicated as positive, while counterclockwise flows (such as in pipes 3 and 6) are indicated as 
negative. It should particularly be noted that the flow in pipe 2 is clockwise with respect to loop I but 
counterclockwise with respect to loop II; hence, it is indicated as positive when listed in loop I and negative 
when listed in loop II. 


Step 2: Unit head losses in column (5) are determined from Fig. A-13, based on diameters [column (3)] and 
flow rates [column (4)]. For example, pipe 1 has a diameter of 18 in and flow rate of 7.00 cfs; hence, the unit 
head loss is determined from Fig. A-13 to be 0.0034 ft/ft. Head losses in column (6) are determined by 
multiplying pipe lengths [column (2)] by unit head losses [column (5)]. For example, pipe 1 has a length of 
2000 ft and unit head loss of 0.0034 ft/ft; hence, the head loss is (2000 ft)(0.0034 ft/ft), or 6.800 ft. It should be 
noted that head losses are positive if their corresponding flow rates are positive and negative if their 
corresponding flow rates are negative. The h f /Q fractions in column (7) are determined by dividing head losses 
[column (6)] by flow rates [column (4)]. For example, pipe 1 has a head loss of 6.800ft and a flow rate of 
7.00 cfs; hence, h f !Q is 6.800/7.00, or 0.971 s/ft 2 . 


Step 3: Algebraic sums of head losses are observed from the table to be -2.043 ft in loop I and 13.126 ft in loop 
II. Since these are not zero, the original estimated flows are not correct. 

Step 4: A flow rate correction (A Q) can be computed for each loop: A Q = -£ h,/\n £ (h f /Q)\. (Since the 
Hazen-Williams formula is being used, n = 1.85.) (A£)) loop , = -(-2.043)/[(1.85)(4.874)j = 0.23 cfs, 

(A0) loop „= -(13.126)/[(1.85)(4.905)] = -1.45 cfs. 


Step 5: Adjusted flow rates for each pipe are determined by adding flow rate corrections to the previous rate 
for each pipe. These are as follows: 


Loop I 


pipe 

old Q, cfs 

A Q, cfs 

new Q, cfs 

1 

7.00 

+0.23 

7.23 

2 

3.50 

+0.23 + 1.45 

5.18 

3 

-2.19 

+0.23 

-1.96 

4 

-7.00 

+0.23 

-6.77 


Loop II 


pipe 

old Q, cfs 

A Q, cfs 

new Q, cfs 

5 

3.50 

-1.45 

2.05 

6 

-3.14 

-1.45 

-4.59 

7 

-5.69 

-1.45 

-7.14 

2 

-3.50 

-1.45-0.23 

-5.18 


These adjusted flow rates are shown in Fig. 13-3c. It should be noted that the flow rate in pipe 2 was adjusted 
using flow rate corrections for both loops, since this pipe is common to both. It should be particularly noted that 
the sign of the flow rate correction for loop II was reversed when it was applied in loop I (and vice versa). 
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Step 6: Return to step 2 and repeat the entire procedure using adjusted flow rates. This is given in the table 
below. 


Iteration No. 2 

Loop I 


(1) 

pipe 

no. 

(2) 

length, 

ft 

(3) 

diameter, 

in 

(4) 

flow rate ( Q ), 
ft 3 /s 

(5) 

unit head loss, 
ft/ft 

(6) 

head loss (h f ), 
ft 

(7) 

h f /Q, 

s/ft 2 

given 

given 

given 

estimate or 
assumed 

from pipe 
diagram 

(2) X (5) 

(6)/(4) 

1 

2000 

18 

7.23 

0.0036 

7.200 

0.996 

2 

900 

24 

5.18 

0.00047 

0.423 

0.082 

3 

2800 

12 

-1.96 

-0.0024 

-6.720 

3.429 

4 

1100 

24 

-6.77 

-0.00080 

-0.880 

0.130 






0.023 

4.637 


Loop II 


(1) 

pipe 

no. 

(2) 

length, 

ft 

(3) 

diameter, 

in 

(4) 

flow rate (Q), 
ft 3 /s 

(5) 

unit head loss, 
ft/ft 

(6) 

head loss (h f ), 
ft 

(7) 

hf/Q 

s/ft 

given 

given 

given 

estimate or 
assumed 

from pipe 
diagram 

(2) X (5) 

<6)/(4) 

5 

2200 

12 

2.05 

0.0026 

5.720 

2.790 

6 

750 

18 

-4.59 

-0.00156 

-1.170 

0.255 

7 

2600 

24 

-7.14 

-0.00088 

-2.288 

0.320 

2 

900 

24 

-5.18 

-0.00047 

-0.423 

0.082 






1.839 

3.447 


Since the algebraic sums of head losses are not both zero, new flow rate corrections must be computed. 
(AG)toopi= -(0.023)/[(1.85)(4.637)] =0.00cfs, (AG) loop „ = -(1.839)/[(1.85)(3.447)] = -0.29cfs. Revised flow 
rates for each pipe are determined using these flow rate corrections. These are as follows: 


Loop I 


pipe 

old Q, cfs 

A Q, cfs 

new Q, cfs 

1 

7.23 

0.00 

7.23 

2 

5.18 

0.00 + 0.29 

5.47 

3 

-1.96 

0.00 

-1.96 

4 

-6.77 

0.00 

-6.77 


Loop II 


pipe 

old Q, cfs 

A Q, cfs 

new Q, cfs 

5 

2.05 

-0.29 

1.76 

6 

-4.59 

-0.29 

-4.88 

7 

-7.14 

-0.29 

-7.43 

2 

-5.18 

-0.29 

-5.47 
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These adjusted flow rates are shown in Fig. 13-3 d. Return to step 2 and repeat the entire procedure using these 
revised flow rates. This is given in the table below. 


Iteration No. 3 . 

Loop I 


(1) 

pipe 

no. 

(2) 

length, 

ft 

(3) 

diameter, 

in 

(4) 

flow rate (g), 
fP/s 

(5) 

unit head loss, 
ft/ft 

(6) 

head loss ( h f ), 
ft 

(7) 

h f IQ, 

s/ft 2 

given 

given 

given 

estimate or 
assumed 

from pipe 
diagram 

(2) X (5) 

(6)/(4) 

1 ' 

2000 

18 

7.23 

0.0036 

7.200 

0.996 

2 

900 

24 

5.47 

0.00053 

0.477 

0.087 

3 

2800 

12 

-1.96 

-0.0024 

-6.720 

3.429 

4 

1100 

24 

-6.77 

-0.00080 

-0.880 

0.130 






0.777 

4.642 


Loop II 


(1) 

pipe 

no. 

(2) 

length, 

ft 

(3) 

diameter, 

in 

(4) 

flow rate (g), 

fP/s 

(5) 

unit head loss, 
ft/ft 

(6) 

head loss (Ay), 
ft 

(7) 

h,/Q, 

s/ft 2 

given 

given 

given 

estimate or 
assumed 

from pipe 
diagram 

(2) X (5) 

(6)/(4) 

5 

mm 

12 

1.76 

0.0019 

4.180 

2.375 

6 

Hi: 

18 

-4.88 

-0.00175 

-1.312 

0.269 

7 

SB 

24 

-7.43 

-0.00094 

-2.444 

0.329 

2 

n 

24 

-5.47 

-0.00053 

-0.477 

0.087 


■H 




-0.053 

3.060 


Since the algebraic sums of head losses are not both zero, new flow rate corrections must be computed. 
(AQ).oo P i = — (0.077)/[(1 -85)(4.642)] = -0.01 cfs, (AQ) loopII = -(-0.053)/[(1.85)(3.060)] = 0.01 cfs. Revised 
flow rates for each pipe are determined using these flow rate corrections. These are as follows: 


Loop I 


pipe 

old g, cfs 

Ag, cfs 

new g, cfs 

1 

7.23 

-0.01 

7.22 

2 

5.47 

-0.01 - 0.01 

5.45 

3 

-1.96 

-0.01 

-1.97 

4 

-6.77 

-0.01 

-6.78 


Loop II 


pipe 

old g, cfs 

Ag, cfs 

new g, cfs 

5 

1.76 

+0.01 

1.77 

6 

-4.88 

+0.01 

-4.87 

7 

-7.43 

+0.01 

-7.42 

2 

-5.47 

+0.01 + 0.01 

-5.45 


These adjusted flow rates are shown in Fig. 13-3e. It would be appropriate to return to step 2 and repeat the 
entire procedure using these revised flow rates. However, an additional iteration (not shown) indicates that the 
next flow rate corrections would be no greater than 0.01 cfs, and further computation would appear to be 
wasted effort. Hence, the “new Q” values just before this paragraph are taken to be the correct flow rates for 
these pipes. 
































































14.00 ft 1 /* 




14.00 ft 1 /* 



(e) Adjusted flow rates after Iteration No. 3 


Vis. 1 
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13.4 For the pipe network shown in Fig. 13-4, find the rate of flow of water in each pipe. Assume C — 120 for all 
pipes. 


pipe 

D, in 

L, ft 

Qmmmcdl Cfs 

Ai, tt/tt 

hf, ft 

A ,/Q 

A Q 


AB 

18 

1500 

8.0 

0.0044 

6.60 

0.825 

-0.11 

7.89 

BC 

12 

500 


0.0053 

2.65 

0.883 

-0.11 

2.89 

CF 

15 

1500 

-4.0 

-0.00295 

-4.42 

1.105 

2.23 

-1.77 

FA 

15 

500 

-7.0 

-0.0083 

-4.15 

0.593 

-0.11 

-7.11 






0.68 

3.406 



FC 

■ ■ 

1500 

BBS 

0.00295 

4.42 


-2.23 

1.77 

CD 


500 


0.059 

29.50 

4.214 

-2.34 

4.66 

DE 

12 

1500 


0.0025 

3.75 

1.875 

-2.34 

-0.34 

EF 

12 

500 


-0.0053 

-2.65 

0.883 

-2.34 

-5.34 




■M 


35.02 

8.077 




AQi = -2 h f /[n 2 ( hf/Q )] = -0.68/[(1.85)(3.406)] = -0.11 cfs AQ„ = -35.02/[(1.85)(8.077)] = -2.34 cfc 


pipe 

Ax 

hf 

h/IQ 

A Q 

G— 


0.0042 

6.30 

0.798 

-0.66 

7.23 


0.0049 

2.45 

0.848 

-0.66 

2.23 


0.00067 

-1.00 

0.565 

0.08 

-1.69 


0.0086 

-4.30 

0.605 

-0.66 

-7.77 



3.45 

2.816 



FC 

0.00067 

1.00 


-0.08 

1.69 

CD 

0.028 

14.00 


-0.74 

3.92 

DE 

0.000095 

-0.14 


-0.74 

-1.08 

EF 

0.015 

-7.50 

1.404 

-0.74 

-6.08 



7.36 

5.381 




A<2, = —3.45/[(1.85)(2.816)] = -0.66 cfs AQ„ - -7.36/[(1.85)(5.381)] = -0.74 cfe 


pipe 

Ai 

hr 

hf/Q 

A Q 



0.0036 

5.40 

0.747 

-0.20 

7.03 


0.00295 

1.48 

0.664 

-0.20 

2.03 


-0.00060 

-0.90 

0.533 

-0.20 

-1.89 


-0.0100 

-5.00 

0.644 

-0.20 

-7.97 



0.98 

2.588 



FC 

0.00060 

0.90 


0.20 

1.89 

CD 

0.0200 

10.00 


0.00 

3.92 

DE 

-0.00080 

-1.20 


0.00 

-1.08 

EF 

-0.0195 

-9.75 

1.604 

0.00 

-6.08 



-0.05 

5.799 




AG. = -0.98/((l .85X2.588)] = -0.20 cfe AQ„= -(-0.05)/[(1.85)(5.799)] = 0.00 cfs 
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pipe 

Ai 

A/ 

A ,IQ 

A Q 


AB 

0.0034 

5.10 

0.725 

0.02 

7.05 

BC 

0.0026 

1.30 

0.640 

0.02 

2.05 

CF 

-0.00075 

-1.11 

0.587 

0.03 

-1.86 

FA 

-0.0108 

-5.40 

0.678 

0.02 

-7.95 



-0.11 

2.630 



FC 

0.00074 

1.11 

0.587 

-0.03 

1.86 

CD 

0.0200 

10.00 

2.551 

-0.01 

3.91 

DE 

-0.00080 

-1.20 

1.111 

-0.01 

-1.09 

EF 

-0.0195 

-9.75 

1.604 

-0.01 

-6.09 



0.16 

5.853 




A<2i = — (—0.11)/[(1.85)(2.630)] = 0.02 cfs A0„ = -0.16/[(1.85)(5.853)] = -0.01 cfs 



13.5 The pipe network shown in Fig. 13-5 represents a spray rinse system. Find the flow rate of water in each pipe. 
Assume C = 120 for all pipes. 

I 


pipe 

D, mm 

L, m 

^assumed; m 3 /S 

h u m/m 

A/,m 

A f /Q 

A Q 


AB 

300 

600 

B 


16.20 

81.0 


0.211 

BG 

250 

400 



7.00 

70.0 


0.097 

GH 

300 

600 

-0.100 


-4.44 

44.4 

B 

3 

HA 

250 

400 

-0.200 

-0.064 

-25.60 

128.0 

0.011 







-6.84 

323.4 


1 

BC 

300 

600 

0.100 


4.44 

44.4 

0.014 

0.114 

CF 

250 

400 

0.050 


1.96 

39.2 

0.014 

0.064 

FG 

300 

600 

-0.100 


-4.44 

44.4 

0.014 

-0.086 

GB 

250 

400 

-0.100 

-0.0175 

-7.00 

70.0 

0.003 

-0.097 






-5.04 

198.0 
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pipe 

D, nun 

L, m 

CD 

300 

600 

DE 

250 

400 

EF 

300 

600 

FC 

250 

400 



A x , m/m 



- 0.0020 

-0.0049 


AQ, = -2 h f /[n 2 (VQ)] = -(-6.84)/[(1.85)(323.4)] = 0.011 
AGn = — (—5.04)/[(1.85)(198.0)] = 0.014 A Q m = -0.00/[(1.85)(126.4)] = 0.00 


h f , m 

h f IQ 

AG 

1.20 

24.0 

0.000 

1.96 

39.2 

0.000 

-1.20 

24.0 

0.000 

-1.96 

39.2 

-0.014 

0.00 

126.4 
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Fig. 13-5 


13.6 The pipe network shown in Fig. 13-6 represents a small industrial park. Find the flow rate of water in each pipe. 
Assume C = 120 for all pipes. 


pipe 

D, mm 

L, m 

Qmmmed, «D 3 /s 

A„m/m 

h f , m 

VC 

A Q 

G— 

AB 

500 

1000 

0.250 

0.0034 

3.40 

13.6 

0.028 

mm 

BE 

400 

1200 

0.120 

0.0026 

3.12 

26.0 

-0.005 

®$mI1 

EF 

300 

1000 

-0.130 

-0.012 

-12.00 

92.3 

0.063 

-0.067 

FA 

600 

1200 

-0.250 

-0.0014 

-1.68 

6.7 

0.028 

-0.222 






-7.16 

138.6 



BC 

500 

1000 

..'V 

0.00102 

1.02 

7.8 

mm 

0.163 

CD 

400 

1200 


0.00020 

0.24 

8.0 


0.063 

DE 

400 

1000 

-0.100 

-0.0018 

-1.8 

18.0 

ill MKM 

-0.050 

EB 

400 

1200 

-0.120 

-0.0026 

-3.12 

26.0 

0.005 

-0.115 






-3.66 

59.8 



ED 

400 

1000 

0.100 

0.0018 

1.80 

18.0 


0.050 

Dl 

300 

1200 

0.080 

0.0048 

5.76 

72.0 


0.063 

IH 

300 

1000 

-0.020 

-0.00037 

-0.37 

18.5 

m 


HE 

300 

1200 

-0.050 

-0.0020 

-2.40 

48.0 

■11 

mm 

- J 





4.79 

156.5 


■ 

FE 


1000 

0.130 

0.012 

12.00 

92.3 



EH 


1200 

0.050 

0.0020 

2.40 

48.0 



HG 

400 

1000 

-0.020 

-0.000095 

-0.10 

5.0 

-0.035 


GF 

400 

1200 

-0.120 

-0.0026 

-3.12 

26.0 

-0.035 






_ 

11.18 

171.3 




AG, = -2 Vl« X (VG)J = -(-7.16)/[(1.85)(138.6)] = 0.028 AG„ = -(-3.66)/[(1.85)(59.8)] = 0.033 
AGm = —4.79/[(l .85)(156.5)] = -0.017 AC,v = -11.18/[(1.85)(171.3)] = -0.035 


pipe 

Ai 

h f 

hf/Q 

A Q 

G~w 

AB 

0.0043 

4.30 

15.5 

-0.013 


BE 

0.0023 

2.76 

24.0 

-0.020 


EF 

-0.0034 

-3.40 

50.7 

-0.018 

-0.085 

FA 

-0.0011 

-1.32 

5.9 

-0.013 

-0.235 



2.34 

96.1 
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pipe 

hi 

h f 

h//Q 

AG 

G.~ 

BC 

0.0016 

1.60 

9.8 

0.007 

0.170 

CD 

0.00078 

0.94 

14.9 

0.007 

0.070 

DE 

-0.00050 

-0.50 

10.0 

0.015 

-0.035 

EB 

-0.0023 

-2.76 

24.0 

0.020 

-0.095 



-0.72 

58.7 



ED 

0.00050 

0.50 

10.0 

181 

0.035 

Dl 

0.0031 

3.72 

59.0 


0.055 

IH 

-0.00115 

-1.15 

31.1 

-0.008 

-0.045 

HE 

-0.00087 

-1.04 

32.5 

-0.013 

-0.045 



2.03 

132.6 



FE 

0.0034 

3.40 

50.7 


0.085 

EH 

0.00087 

1.04 

32.5 

1 ■ 

0.045 

HG 

-0.00060 

-0.60 

10.9 

0.005 

-0.050 

GF 

-0.0041 

-4.92 

31.7 

0.005 

-0.150 



-1.08 

125.8 




AG, = —2.34/[(1.85)(96.1)] = -0.013 A(2„ = -(-0.72)/[(1.85)(58.7)] = 0.007 

A Ghi = —2.03/[(1.85)(132.6)] = -0.008 A G,v = —(—1.08)/[(1.85)(125.8)] = 0.005 


pipe 

hi 

hr 

hf/Q 

AG 

G~- 

AB 

0.0039 

3.90 

14.7 

0.006 

0.271 

BE 

0.00165 

1.98 

20.8 

0.012 

0.107 

EF 

-0.0055 

-5.50 

64.7 

0.014 

-0.071 

FA 

-0.00125 

-1.50 

6.4 

0.006 

-0.229 



-1.12 

106.6 



BC 

0.0017 


10.0 

-0.006 

0.164 

CD 

0.00094 

1.13 

16.1 

-0.006 

0.064 

DE 

-0.000265 


7.4 

-0.008 

-0.043 

EB 

-0.00165 

-1.98 

20.8 

-0.012 

-0.107 



0.59 

54.3 



ED 

0.000265 

0.26 

7.4 

0.008 

0.043 

DI 

0.0024 

2.88 

52.4 

0.002 

0.057 

IH 

-0.0017 

-1.70 

37.8 

0.002 

-0.043 

HE 

-0.0017 

-2.04 

45.3 

0.010 

-0.035 



-0.60 

142.9 



FE 


5.50 

64.7 

— g 

0.071 

EH 


2.04 

45.3 


0.035 

HG 

-0.00051 

-0.51 

10.2 

■ 

-0.058 

GF 

-0.0039 

-4.68 

31.2 

■ 

-0.158 



2.35 

151.4 

■■ 



AQ, = —(—1.12)/[(1.85)(106.6)] = 0.006 
AGm = —(—0.60)/[(1.85)(142.9)] = 0.002 


AGn = —0.59/[(1.85)(54.3)] = -0.006 
AG,v=-2.35/[(1.85)(151.4)] = -0.008 
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pipe 

h t 

h. 

hf/Q 

A0 


AB 

0.0040 

4.00 

14.8 

-0.006 

0.265 

BE 

0.0021 

2.52 

23.6 

-0.009 

0.098 

EF 

-0.0039 

-3.90 

54.9 

-0.008 

-0.079 

FA 

-0.0012 

-1.44 

6.3 

-0.006 

-0.235 



1.18 

99.6 



BC 

0.0016 

1.60 

9.8 

0.003 

0.167 

CD 

0.00080 

0.96 

15.0 

0.003 

0.067 

DE 

-0.00038 

-0.38 

8.8 

0.006 

-0.037 

EB 

-0.0021 

-2.52 

23.6 

0.009 

-0.098 



-0.34 

57.2 



ED 

0.00038 

0.38 

8.8 

-0.006 

0.037 

DI 

0.0026 

3.12 

54.7 

-0.003 

0.054 

IH 

-0.0015 

-1.50 

34.9 

-0.003 

-0.046 

HE 

-0.00105 

-1.26 

36.0 

-0.005 

-0.040 



0.74 

134.4 



FE 

0.0039 

3.90 

54.9 

0.008 

0.079 

EH 

0.00105 

1.26 

36.0 

0.005 

0.040 

HG 

-0.00067 

-0.67 

11.6 

0.002 

-0.056 

GF 

-0.0041 

-4.92 

31.1 

0.002 

-0.156 



-0.43 

133.6 




A0, = — 1.18/[(1.85)(99.6)] = -0.006 A Q n = -(-0.34)/[(1.85)(57.2)] = 0.003 

A<2 in = —0.74/[(1.85)(134.4)] = -0.003 A0 IV = -(-0.43)/[(1.85)(133.6)] = 0.002 



0.1 m 1 /* 


0.05 in 1 /* 


0.1 in 1 /* 


Fig. 13-6 
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Compute the flow rate of water in each pipe of the network shown in Fig. 13-7. Assume C = 120 for all pipes. 



h» ft/ft 


0.00045 

0.00022 

-0.00051 

-0.00045 


0.00030 

0.00022 

-0.000095 

- 0.00022 


0.0017 

0.00067 

- 0.000010 

- 0.00022 


0.000010 

0.0011 

-0.00059 

- 0.000011 


0.000095 

0.000011 

-0.00019 

- 0.00022 


0.00051 

0.00022 

-0.0000063 

-0.00050 



(—0.81)/[(1.85)(1.518)] = 0.29 
-4.73/[(1.85)(3.870)] = -0.66 
(—0.82)/[(1.85)(1.253)] = 0.35 


0.41/[(1.85)(1.660)] = —0.13 
2.11/[(1.85)(3.449)] = —0.33 
•0.17/[(1.85)(1.688)] = —0.05 



0.00050 

0.00043 

-0.00039 

-0.00040 
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pipe 

h t 

h f 

hf/Q 

A Q 

G~. 

BC 

0.00029 

0.58 


-0.10 

3.77 

CF 

0.00050 

1.50 

■ 

0.07 

1.60 

FG 

-0.00019 

-0.38 

1 

0.04 

-1.44 

GB 

-0.00043 

-1.29 

0.908 

0.00 

-1.42 



0.41 

2.295 



CD 

0.0011 

2.20 

0.940 

■SB 

2.17 

DE 

0.000090 

0.27 

0.794 

■ 

0.17 

EF 

-0.000039 

-0.08 

0.127 

1 

-0.83 

FC 

-0.00050 

-1.50 

0.980 

-0.07 

-1.60 



0.89 

2.841 



FE 

0.000039 

0.08 



0.83 

EL 

0.00064 

1.92 

' 


1.00 

LK 

-0.00082 

-1.64 

0.808 


-2.00 

KF 

-0.00018 

-0.54 

0.614 

0.17 

-0.71 



-0.18 

3.528 



GF 

0.00019 


1 

-0.04 

1.44 

FK 

0.00018 


' 

-0.17 

0.71 

KJ 

-0.00012 

-0.24 

0.209 

-0.14 

-1.29 

JG 

-0.000090 

-0.27 

0.450 

-0.35 

-0.95 



0.41 

1.530 



HG 

0.00039 

0.78 


■' . 

2.47 

GJ 

0.000090 

0.27 



0.95 

JI 

-0.0000075 

-0.02 

0.036 


-0.34 

IH 

-0.00053 

-1.59 

0.624 

0.21 

-2.34 



-0.56 

1.471 




AQ, = -0.31/[(1.85)(1.713)] = -0.10 
AGin = -0.89/[(1.85)(2.841)3 = -0.17 
AGv= -0.41/[(1.85)(1.530)] = -0.14 


AGn = —0.41/[(1.85)(2.295)] = “0.10 
AQiv= —(—0.18)/[(1.85)(3.528)] =0.03 
AQvi = —(—0.56)/[(1.85)(l.471)] = 0.21 


pipe 

hi 

h f 

hf/Q 

A Q 

G~~ 

AB 

0.00048 

0.96 

0.185 

0.00 

5.19 

BG 

0.00043 

1.29 

0.908 

0.11 

1.53 

GH 

-0.00050 

-1.00 

0.405 

0.08 

-2.39 

HA 

-0.00042 

-1.26 

0.262 

0.00 

-4.81 



-0.01 

1.760 



BC 

0.00027 

0.54 

0.143 

-0.11 

3.66 

CF 

0.00053 

1.59 

0.994 

-0.05 

1.55 

FG 

-0.00018 

-0.36 

0.250 

-0.17 

-1.61 

GB 

-0.00043 

-1.29 

0.908 

-0.11 

-1.53 



0.48 

2.295 



CD 

0.00097 

1.94 

0.894 

-0.06 

2.11 

DE 

0.000025 

0.08 

0.471 

-0.06 

0.11 

EF 

-0.000066 

-0.13 

0.157 

-0.04 

-0.87 

FC 

-0.00053 

-1.59 

0.994 

0.05 

-1.55 



0.30 

2.156 

. .. .... 
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pipe 


h f 

h/IQ 

AQ 

Q~~ 

FE 

0.000066 

0.13 


0.04 

0.87 

EL 

0.00067 

2.01 


-0.02 

0.98 

LK 

-0.00081 

-1.62 


-0.02 

-2.02 

KF 

-0.00012 

-0.36 


-0.08 

-0.79 



0.16 

3.484 



GF 

0.00018 

■m 

1 

0.17 

1.61 

FK 

0.00012 

■B 


0.08 

0.79 

KJ 

-0.00015 

-0.30 


0.06 

-1.23 

JG 

-0.00020 

-0.60 


0.14 

-0.81 



-0.18 

1.622 



HG 

0.00050 

1.00 

0.405 

-0.08 

2.39 

GJ 

0.00020 

0.60 

0.632 

-0.14 

0.81 

Jl 

-0.0000031 

-0.01 

0.029 

-0.08 

-0.42 

IH 

-0.00045 

-1.35 

0.577 

-0.08 

-2.42 



0.24 

1.643 




AG> = — (—0.01)/[(1.85)(1.760)] = 0.00 
AQ„, = —0.30/[(1.85)(2.516)] = -0.06 
A Gv = — (—0.18)/[(1.85)(1.622)] = 0.06 


A Gi. = —0.48/[(1.85)(2.295)] = -0.11 
AG.v= -0.16/[(1.85)(3.484)] = -0.02 
AGv. = —0.24/[(1.85)(1.643)] = -0.08 



2 ft 1 /* 


3 ft 3 /* Fig. 13-7 
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13.8 Water flows through the piping system shown in Fig. 13-8 with certain measured flows indicated on the sketch. 
Determine the flows throughout the network. Use C = 120 throughout. 


f 





assumed 

s, 


LH 



line 

D, in 

L, ft 

Qi, mgd 

ft/1000 ft 

LH, ft 

e. 

A 

Qi 

AB 

20 

3000 

4.0 

1.62 

4.86 

1.22 

+ 0.31 

4.31 

BE 

16 

4000 

1.0 

0.37 

1.48 

1.48 

+ 0 . 31 -( 0 . 13 ) = + 0.18 

1.18 

EF 

16 

3000 

- 2.0 

- 1.33 

- 3.99 

2.00 

+ 0 . 31 -( 0 . 50 ) = - 0.19 

- 2.19 

FA 

24 

4000 

- 6.0 

- 1.41 

- 5.64 

0.94 

+ 0.31 

- 5.69 






E = - 3.29 

5.64 



BC 

20 

3000 

3.0 

0.95 

2.85 

0.95 

+ 0.13 

3.13 

CD 

16 

4000 

2.0 

1.33 

5.32 

2.66 

+ 0.13 

2.13 

DE 

12 

3000 

- 1.5 

- 3.15 

- 9.45 

6.30 

+ 0 . 13 -(- 0 . 12 ) = + 0.25 

- 1.25 

EB 

16 

4000 

- 1.0 

- 0.37 

- 1.48 

1.48 

+ 0 . 13 -( 0 . 31 ) = - 0.18 

- 1.18 






E = - 2.76 

11.39 



FE 

16 

3000 

2.0 

1.33 

3.99 

2.00 

+ 0 . 50 -(+ 0 . 31 ) = + 0.19 

2.19 

EH 

12 

4000 

1.0 

1.48 

5.92 

5.92 

+ 0 . 50 -(- 0 . 12 ) = + 0.62 

1.62 

HG 

16 

3000 

- 2.0 

- 1.33 

- 3.99 

2.00 

+ 0.50 

- 1.50 

GF 

16 

4000 

- 4.0 

- 4.85 

- 19.40 

4.85 

+ 0.50 

- 3.50 






E = - 13.48 

14.77 



ED 

12 

3000 

1.5 

3.15 

9.45 

6.30 

- 0 . 12 -( 0 . 13 ) =- 0.25 

1.25 

DI 

12 

4000 

1.0 

1.48 

5.92 

5.92 

- 0.12 

0.88 

IH 

12 

3000 

- 1.0 

- 1.48 

- 4.44 

4.44 

- 0.12 

- 1.12 

HE 

12 

4000 

- 1.0 

- 1.48 

- 5.92 

5.92 

- 0 . 12 -( 0 . 50 ) = - 0.62 

- 1.62 






E = + 5.01 

22.58 




A, = — (—3.29) / [1.85(5.64)] = +0.31 A„ = -(-2.76)/[1.85(11.39)] = +0.13 
A m = —(—13.48)/[l.85(14.77)] = +0.50 A IV = -(+5.01)/[1.85(22.58)] = -0.12 


For line EF in loop I, its net A term is (Aj - A, u ) or [+0.31 — (+0.50)] = —0.19. It will be observed that the A 
for loop I is combined with that of the A for loop III since the line EF occurs in each loop. In similar fashion, 
for line FE in loop III, the net A term is (A in - AJ or [+0.50 - (+0.31)] = +0.19. Note that the net A’s have 
the same magnitude but opposite signs. This can readily be understood since flow in EF is counterclockwise for 
loop I, whereas flow in FE in loop III is clockwise. 
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In determining the values of Q 2 for the second calculation, Q AB = (4.00 + 0.31) = 4.31 mgd whereas 
ef = (—2.00 —0.19) = —2.19 mgd and Q F/ i = (—6.00 + 0.31) = —5.69mgd. 



LH 

LH IQ 

5.58 

1.29 

2.04 

1.72 

-4.71 

2.15 

-5.12 

0.90 

E = -2.21 

6.06 

3.06 

0.98 

5.92 

2.79 

-6.84 

5.50 

-2.04 

1.72 

E = +0.10 

10.99 



E = +1.94 


6.84 

4.72 

-5.49 

-14.60 


E = -8.53 


+ 0.20 

+0.20 + negl = +0.20 
+0.20 - (-0.06) = +0.26 
+0.20 


negl 

negl 

negl —0.19 = 
negl - 0.20 = 


-0.19 

- 0.20 


-0.06 - 0.20 = 
-0.06-0.19 = 
-0.06 
-0.06 


+0.19 + negl = +0.19 

+0.19 

+0.19 

+0.19-(-0.06) = +0.25 



8.91 

6.72 

-3.93 

-10.72 


E = +0.98 


- 0.02 

- 0 . 02 - 0.12 = 
- 0 . 02 - 0.12 = 
- 0.02 


+0.12 

+0.12 

+0.12+ 0.02 =+0.14 
+0.12+ 0.02 =+0.14 


+0.12+ 0.02 = +0.14 
+0.12+ 0.02 =+0.14 
+0.12 
+0.12 


- 0 . 02 - 0.12 = 

- 0.02 

- 0.02 

- 0 . 02 - 0.12 = 
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13.9 For the piping system of Prob. 13.8, if the elevation at point A is 200.0 ft and the pressure head is 150.0 ft and 
the elevation at / is 100.0 ft, find the pressure head at I. 

I The elevation of the hydraulic grade line at A is (200.0 + 150.0) = 350.0. The lost head to I can be calculated 
by any route from A to /, adding the losses in the usual manner, i.e., in the direction of flow. Using ABEHI we 
obtain LH A to , = (6.06 + 2.72 + 10.72 + 3.93) = 23.43 ft. As a check, using ABEDI, LH = (6.06 + 2.72 + 8.91 + 
6.72) = 24.41 ft. Using a value of 24 ft, the elevation of the hydraulic grade line at / = (350.0 — 24.0) = 326.0 ft. 
Hence the pressure head at / = (326.0 - 100.0) = 226.0 ft. 

13.10 If the flows into and out of a two-loop pipe system are as shown in Fig. 13-9, determine the flow in each pipe. 
The K values for each pipe were calculated from the pipe and minor loss characteristics and from an assumed 
value of /. 

f As a first step, assume flow in each pipe such that continuity is satisfied at all junctions. Calculate AQ for 
each loop, make corrections to the assumed Q’s and repeat several times until the AQ’s are quite small. As a 
final step the values of/for each pipe should be checked against the Moody diagram and modified, if necessary. 





After first correction 



After second correction Pig. 13-9 


left loop 

right loop 

E KQl 

e 

E KQl 

e i*«er‘i 

1 x60 2 = 3600 

1 x 2 x 60 = 120 

4 x 50 2 = 10 000 

4 x 2 x 50 = 400 

4 x 10 2 = 400 

4x2x10= 80 

2 x 25 2 = 1250 

2 x 2 x 25 = 100 

40001 


112501 


3 x 40 2 = 4 800) 

3 x 2 x 40 = 240 

4 x 10 2 = 400 

4x2x10= 80 

8001 

440 

5 X 25 2 = 3 125 

5 x 2 x 25 = 250 

3 5251 

830 



77251 


> 

JO 

II 

§°° = 21 

440 

7725 

AO,— -= 91 

** 830 

1 x 62 2 = 3 844 

1 x 2 x 62 = 124 

4x 41 2 = 6724 

4 x 2 x 41 = 328 

4 x 21 2 = 1764 

4 x 2 x 21 = 168 

2 x 16 2 = 512 

2x2x16= 64 

5 6081 


72361 


3 x 38 2 = 4 332 ) 

3 x 2 x 38 = 228 

4 x 21 2 = 1764 

4 x 2 x 21 = 168 

12761 

520 

5 x 34 2 = 5780 

5 x 2 x 34 = 340 

75441 

900 



3081 


A£> 2 = 1276 ~21 

520 

aq 2 =—~o 

* 2 900 





PIPE NETWORKS 0 333 


13.11 Determine the flows in the cast iron piping of Fig. 13-10. Take n = 2.0 and use the values off for complete 
turbulence, as given in Fig. A-5. Use four stages of approximation. 

# With V = Q/(jcD 2 /4): h, = f(L/D)(16Q z /jz 2 D 4 )/2g, that is, h L = KQ n with K = \bfL!(2n 2 gD i ) = 

0.025 fL/ D 5 , n = 2. For complete turbulence, / = const, K = const (for a given pipe). Table A-9 for cast iron 
gives e = 0.00085 ft. Thus for pipe ab, e/D = 0.00085. Figure A-5 for complete turbulence gives/ = 0.0189; 
K = 0.476. Similarly K = 1.606 for ac and be, K = 2.01 for cd and de, K = 1.722 for cfdg, and eh, K = 0.620 
for fg and gh. 


First Approximation and Correction 
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pipe 

0 (2d approximation), cfs 

2 (4th and final approx), cfs 

ab 

1.00 - 0.04 = 0.96 

0.95 

be 

1.00 - 0.04 = 0.96 

0.95 

ed 

0.50-0.04 + 0.14 = 0.60 

0.59 

ac 

1.00 + 0.04=1.04 

1.06 

cd 

0.50 + 0.04 + 0.14 = 0.68 

0.64 

dg 

0 + 0.14 + 0.14 = 0.28 

0.22 

gf 

0 + 0.14 = 0.14 

0.09 

cf 

0.50-0.14 = 0.36 

0.42 

eh 

0 + 0.14 = 0.14 

0.37 

gh 

0.50-0.14 = 0.36 

0.14 


13.12 If in Prob. 13.11 the pressure head at a is 200 ft, find the pressure head at d. Neglect velocity heads. 

I From the final approximations in Prob. 13.11, 

In pipe ac h L = KQ 2 = 1.606 x 1.06 2 = 1.805 ft 

In pipe cd, h L = 2.01 x 0.64 2 = 0.823 ft 

2.628 ft 

In pipes ac + cd, h L = p d ly = p a /y - (h^ = 200 - 2.63 = 197.37 ft. 

13.13 In the network of Fig. 13-11, the 12-in and 16-in pipes are cast iron, while the 18-in and 24-in sizes are concrete 
(e = 0.003 ft). Assume complete turbulence with n = 2. Terminate the solution after five trials. 

| h L = KQ " = (f)(L/D)(V 2 /2g) = (f)(L/D)(Q 2 /[2g(jz /4) 2 D 4 ]) = (/L/39.7D 5 )Q 2 

Values of/for fully turbulent flow are obtained from Fig. A-5 (n = 2): 


pipe 

material 

length, ft 

diam., ft 

*ID 

/ 

D s 

K~ ^ 

39.7Z) 5 

ab 

Avg. cone. 

998 

1.50 

0.00200 

0.0233 

7.59 

0.0772 

be 

Avg. cone. 

499 

1.50 

0.00200 

0.0233 

7.59 

0.0386 

cd 

Avg. cone. 

499 

1.50 

0.00200 

0.0233 

7.59 

0.0386 

ef 

New C.I. 

499 

1.00 

0.00085 

0.0188 

1.00 

0.237 

fg 

New C.I. 

499 

1.00 

0.00085 

0.0188 

1.00 

0.237 

hi 

Avg. cone. 

998 

2.00 

0.00150 

0.0218 

32.00 

0.01715 

ij 

Avg. cone. 

998 

2.00 

0.00150 

0.0218 

32.00 

0.01715 

ah 

Avg. cone. 

1596 

2.00 

0.00150 

0.0218 

32.00 

0.0274 

be 

New C.I. 

798 

1.33 

0.00062 

0.0175 

4.21 

0.0836 

ei 

Avg. cone. 

798 

1.50 

0.00200 

0.0233 

7.59 

0.0618 

cf 

New C.I. 

798 

1.33 

0.00062 

0.0175 

4.21 

0.0836 

dg 

New C.I. 

798 

1.33 

0.00062 

0.0175 

4.21 

0.0836 

gi 

Avg. cone. 

798 

1.50 

0.00200 

0.0233 

_ 

7.59 

0.0618 
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13.14 


l ais 





loop A 

loop B 

1.026-1.829 

4fi * 2 X 0.765 " °- 5251 

0.489- 1.030 

AQ = = -0.3381 

2 x 0.801 

loop C 

loop D 

pipe Go KQl \hJQo\ 

pipe Go K Ql \hJQ 0 \ 

cd 0 0.000 0.000 

gf 1 0.237 -n 0.237 

0.237^ 

cf 2 0.335 0.1673 

gd 2 0.335n 0.1673 

0.669 J 0.571 

ie 4 0.989 0.247 

, 2 0.947 -n 0.473 

6f 1.935 ■> 

ij 3 0.1543 0.0514 

jg 3 0.556 0.1854 

gf 1 0.237«. 0.237 

0.947 J 1.194 

AQ=°f-° 7 f=— 0.379i 

2 x 0.573 

1.935-0.947 

48 - 2X1.194 - + °' 414 ’ 


After five trials, the flows (cfs) within approximately 1 percent are ab = 3.54; be = 2.48; cd = 0.40; ef = 1.47; 
gf — 1.45; hi = 6.46; ij = 3.05; ha = 3.54; be = 1.06; ie = 3.41; cf = 2.08; gd = 1.60; jg = 3.05. 






--998-- 

— 499’ — 

— 499’ — 

o 18’ b 

18’ c 

18’ d 

16’ 

B 16’ 

C 16’ 


< 12" / 

12’ g 

24 ' 4 


18" 

D 18* 

h 24’ ; 

24* j 


798 ’ 


798 ' 


Fig. 13-11 


Calculate the pressure drop from h to/in Prob. 13.13. 

f Head loss from h to/(any path): hi — 0.716 ft 

ie = 0.719 ft 
ef= 0.511 ft 

1.946 ft 

Hence A p = (1.946)(62.4)/144 = 0.8 psi 


Fit an equation of the form h f = KQ" to flow of 60-°F water through 1000 ft of 10-in cast iron pipe. The equation 
should hold over the velocity range 2 to 8 ft/s. 

f h f = (f)(L/D)(v 2 /2g) e/D=0.00085/Of) = 0.00128 N„ = Du/v 

For v = 2fps: N K = ({§)(2)/(1.21 X 10“ 5 ) = 1.38 x 10 5 . From Fig. A-5,/ = 0.0230: h, = 

0.0230[1000/(i§)]{2 z /[(2)(32.2)]} = 1.714 ft, Q = Av = [(^)(i§) 2 /4](2) = 1.091 ft 3 /s. For v = 8 fps: N„ = 
(t§)(8)/(1.21 x 10' 5 ) = 5.51 x 10 5 , / = 0.0213, h, = 0.0213[1000/(|§)]{8 2 /[(2)(32.2)]} = 25.40 ft, Q = Av = 
[V)(t§) 2 /4](8) = 4.363 ft 3 /s. Given h, = KQ", at 2 fps, 1.714 = (K)(1.091)". At 8 fps, 25.4 = (K)(4.363)”: 

log 1.714 = log K + n log 1.091 (1) 

log 25.4 = log K + n log 4.363 (2) 
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Subtracting Eq. (1) from Eq. (2) gives 1.171 = 0.6022/t, n = 1.945. Substituting into Eq. (1), log 1.714 = 
log K + (1.945)(log 1.091), K = 1.447; h f = 1.447Q 1945 . 


13.16 


The distribution of flow through the network of Fig. 13-12 is desired for the inflows and outflows as given. For 
simplicity n has been given the value 2.0. 


f The assumed distribution is shown in Fig. 13-12a. At the upper left the term £ rQ 0 ISol" -1 is computed for 
the lower circuit number 1. Next to the diagram on the left is the computation of £ nr \Q 0 \"~ l for the same 
circuit. The same format is used for the second circuit in the upper right of the figure. The corrected flow after 
the first step for the top horizontal pipe is determined as 15 +11.06 = 26.06 and for the diagonal as 
35 + (-21.17) + (-11.06) = 2.77. Figure 13-126 shows the flows after one correction and Fig. 13-12c the values 
after four corrections. 


70 2 
35 2 
-30 2 


X 6 = 
x3 = 
X 5 * 


29.400 2 x 70 x 6 1 840 
3.G75 2 / 35 > 3 * 210 


-4.500 


28.575 

_ 28.575 
1.350 


2 x 30 x 5 =_300 
1.350 


- 21.17 



15 2 x 1 = 225 

- 35 2 x 2 = -2.450 
-13.83* X 3 - - 574 
-2,799 


2 X 15 X ) - 30 
2 x 35 x 2 * 140 
2 X 13.83 X 3 = 83 
253 


AO, = 


2,799 

253 


11.06 


In. 



26 06 2 x 1 - 

679 

2 x 

-23 94 2 X 2 - 

-1,146 

2 x 

- 1 656 2 X 3 = 

-_8 

2 x 


-475 



476 


AQ 7 ' 

■ ill■ 3 006 


26.06 x 1 
23.94 X 2 
1.656 X 3 


52 

96 

10 

158 


AQ 7 - 0.169 
AQ 7 - 0.0003 


13.17 Calculate the flow through each of the pipes of the network shown in Fig. 13-13 (n = 2). 


1 x 60 2 = 3600 2 x 1 x 60 = 120 

3 x 5 2 = 75 2 x 3 x 5 = 30 

2 x 40 2 = -3200 2 x 2 x 40 = 160 

475 310 

2 x 30 2 = 1800 2 x 2 x 30 = 120 ' 

3 x 5 2 = -75 2 x 3 x 5 = 30 

1 x 45 2 = -2025 2x1 x45 = 90 

-300 240 

, Fig. 13-136 

1 x 58.5 2 = 3422.25 2x 1 x58.5 = 117 

3 x 2.5 2 = 18.75 2 x 3 x 2.5= 15 

2 X41.5 2 =-3444.5 2x2x41.5 = 166 

-3.5 298 

iC-g-0.0.2 

2 x31 2 = 1922 2x2x31 = 124' 

3 x 2.5 2 = -19 2 x 3 x 2.5 = 15 

1 x 44 2 = —1936 2X1X44 = 88 

-33 227 

A »=§ = 0-145 

Fig. 13.13c 

• 














7S SO 


1s 

(c) 

Fig. 13-14 


75 SO 


13.19 Determine the flow rates in Fig. 13-15. The fluid is water at 20 °C and all five pipes have f = 0.0201. 




k^=KQ 2 


(8)(0-0201)(4000) 

2 “ (*) 2 (32.2)ay 
„ (8)(0.0201)(4000) 

4 {n)\32.2)(h) 5 3/ 


Two head-loss loops: 
Loop ABC: 

Loop BCD: 


SAL, (8X0.0201)(3000) 

1 x 2 gD\ (x) 2 (32.2)ay 
(8)(0.0201)(5000) 

3 (*) 2 (32.2)(£) 5 1066 

(8)(0.0201)(3000) 

5 (n)\ 32 . 2 )(hy 


15 . 370 | + 10.6601 - 48 . 570 ? = 0 
10.6603 + 15.3704 “ 155401 = 0 
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Three junctions: 
Junction A: 
Junction B : 
Junction C: 


0i + 02 = 2.0 

02=03+05 
01 + 03=04 


(3) 

(4) 

(5) 


Solving these simultaneous equations by trial and error gives 0, = 0.81 cfs, Q 2 = 1.19 cfs, Q 3 = 0 99 cfs, 
0 4 = 1.80cfs, Q 5 = 0.20cfs. 



Fig. 13-15 

13.20 In Prob. 13.19 the pressure at A is given as 200 psig. Find the pressures at B, C, and D. 

I Pb =Pa ~ PgK 2 Ql= (200)(144) — (1.94)(32.2)(15.37)(1.19) 2 = 27 440 lb/ft 2 or 190.6psig 

Pc=Pa - pgKiQi = (200)(144) - (1.94)(32.2)(48.57)(0.81) 2 = 26 809 lb/ft 2 or 186.2 psig 
Pd=Pc~ PgK 4 Q 2 4 = (186.2)(144) - (1.94)(32.2)(15.37)(1.80) 2 = 23 702 lb/ft 2 or 164.6 psig 

13.21 Repeat Prob. 13.19 for the boundary flows indicated in Fig. 13-16. 

f h f = (f)(L/D)(v 2 /2g) = 8fLQ 2 /ji 2 gD 5 = KQ 2 

From Prob. 13.19, K, = 48.57, K 2 = 15.37, K 3 = 10.66, K 4 = 15.37, and K s = 1554. 

Two head-loss loops: 


Loop ABC: 
Loop BCD : 
Three junctions: 
Junction A: 
Junction B : 
Junction C: 


15.37 Q\ + 10.66QI - 48.57(2! = 0 
10.660! + 15.370! - 155401 = 0 

01 + 02 = 2.0 

02= 03+ 05+ 1-0 
01 + 03 = 04 + 0.5 


(1) 

( 2 ) 

( 5 ) 

(4) 

(5) 


Solving these simultaneous equations by trial and error gives 0, = 0.725 cfs, 0 2 = 1.275 cfs, 0 3 = 0.226cfs, 
04 = 0.451 cfs, 0 5 = 0.049 cfs. 

0.5 ft J /j 



Fig. 13-16 
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13.22 Repeat Prob. 13.20 for the flows found in Prob. 13.21. 

f Pb = Pa~ pgKzQl— (200)(144) — (1.94)(32.2)(15.37)(1.275) 2 = 27 239 lb/ft 2 or 189.2 lb/in 2 
Pc = Pa~ PgK t Q] = (200)(144) - (1.94)(32.2)(48.57)(0.725) 2 = 27205 lb/ft 2 or 188.9 lb/in 2 
Pd=Pc~ PgK<Ql = (188.9)(144) - (1.94)(32.2)(15.37)(0.451) 2 = 27 006lb/ft 2 or 187.5 lb/in 2 


13.23 


Compute the junction flows in Fig. 13-17, taking flow into the junction as positive. Each pipe is 30 m of 
60-mm-diameter cast iron, with / = 0.0294. 


I 


h f = Ap/y = 8fLQ 2 /ji 2 gD s 

(800 - 500)/9.79 = (8)(0.0294)(30)(Q ,) 2 /(^) 2 (9.807)(0.060/ 
(500 - 200)/9.79 = (8)(0.0294)(30)(G 4 ) 2 /(jt) 2 (9.807)(0.060) 5 
(500 - 400)/9.79 = (8)(0.0294)(30)(Q 2 ) 2 /(^) 2 (9.807)(0.060) 5 
(600 - 500)/9.79 = (8)(0.0294)(30)(Q 3 ) 2 /(jr) 2 (9.807)(0.060) 5 


e, = +0.0181 m 3 /s 
Q 4 =-0.0181 m 3 /s 
Q 2 = —0.0104 m 3 /s 
Q 3 = +0.0104 m 3 /s 



13.24 Determine the flow in each pipe of the network shown in Fig. 13-18, using/ = 0.02 throughout. 

f Taking x =2,h L =f(L/D)(V 2 /2g) =f(L/D)(l/2g)(4Q/jtD 2 ) 2 = (8fL/n 2 gD 5 )(Q 2 ) = KQ 2 . Hence K = 
0.81 fL/gD 5 , and the K value for each pipe is 


Diameter, in 

3 

4 

5 

6 

7 

8 

K 

1030 

368 

160 

80.4 

22.4 

11.5 


The assumed flows are indicated on the figure in parentheses. For loop AEDB, 

A t = -[(1030 x 0.5 2 ) + (11.5 x 0.1 2 ) - (22.4 x 0.2 2 ) - (368 X 0.7 2 )]/ 

2[(1030 x 0.5) + (11.5 x 0.1) + (22.4 x 0.2) + (368 x 0.7)] = -0.05 cfs 

and for loop BDC, 

A 2 = -[(22.4 x 0.2 2 ) + (80.4 x 0.3 2 ) - (160 x 0.5 2 )]/2[(22.4 x 0.2) + (80.4 x 0.3) + (160 x 0.5)] = +0.15 cfs 

The corrected flows appear on the figure below the first assumed flows. Recomputing A for each loop yields 
Aj = +0.001 cfc and A 2 = -0.001 cfs. 


\ 

I 

f 

I 



i) 


Fig. 13-18 
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13.25 


Replace the quadrilateral network of Fig. 13-19 by a single 500-ft-long pipe AC. Assume /is the same for all 
pipes. 

# (hfhnc = (hfhoc hf = (f)(L/D)(v 2 /2g) 

/(500/£)(V!/2g) +fm(V 2 2 J2g ) =f( e f)(V 2 , 2 /2g) +f('T)(V 2 J2g) 

750F| + 250y| 4 = 800y? 2 + 333V| 6 V S = 9V* V 12 = 9V X 

(750 x 81 + 250) V\ 4 = (800 X 81 + 333) V 2 ^ V i6 = 0.9614. 

D 2 V = 2 2 V 24 + 3 2 V X = 4V 24 + 9(0.9614,) D 2 V = 12.6314, 

(500/*) VS + WL = (1000/D) V 2 

750V\ + 250V1, = 61 OOOVi, = (1000/D)V 2 (1) 

But 

V = 12.65V*/D 2 (2) 


Substituting (2) into (1) yields D 5 = 1.308. Hence D = 1.055 ft. 


800 ft 



13.26 The pipe network in Fig. 13-20 consists of pipes as follows: AB, 5000 ft, 12 in; BC, 3000 ft, 6 in; CD, 8000 ft, 
24 in; DE, 7000 ft, 8 in; EA, 4000 ft, 10 in; BD, 7000 ft, 12 in. A flow of 4000 gpm enters the system at D, 
while outflow at the junctions is as follows: A, 500 gpm; B, 300 gpm; C, 1000 gpm; E, 2200 gpm. Find the flow 
in each pipe and the pressure at each junction if the head at D is 400 ft. Take / = 0.023. 

I h f = 8fLQ 2 /jc 2 gD 5 = (8)(0.023)(Lg 2 )/(jr) 2 (32.2)D 5 = 0.000579Lg 2 /D 5 


D 5 

pipe 

D, in 

k 

1.0 

AB 

12 

2.89 

0.031 

BC 

6 

56.0 

32 

CD 

24 

0.143 

0.132 

DE 

8 

30.6 

1.0 

BD 

12 

4.05 

0.402 

AE 

10 

5.75 


Loop 1: 

A, = [—(2.9)(3.62) 2 - (4.05)(3.40) 2 + (30.6)(2.43) 2 - (5.75)(2.5) 2 ]/ 

2[(2.9)(3.62) + (4.05)(3.40) + (30.6)(2.43) + (5.75)(2.5)] = -0.27 

Loop 2: 

A 2 = —[—(56)(0.89) 2 - (0.143)(3.13) 2 + (4.05)(3.4) 2 ]/2[(56)(0.89) + (0.143)(3.13) + (4.05)(3.4)] = -0.01 
A, = [—(2.9)(3.89) 2 - (4.05)(3.66) 2 + (30.6)(2.16) 2 - (5.75)(2.77) 2 ]/ 

2[(2.9)(3.89) + (4.05)(3.66) + (30.6)(2.16) + (5.75)(2.77)] =0 
A 2 = -(-45.3 - 1.4 + 54.1)/2(50.5 + 0.45 + 14.8) = -0.056 
A, = -(-44 - 52.5 + 142.5 - 44)/2(11.3 + 14.6 + 66.1 +15.9) = -0.01 
A 2 = —[—(56)(0.96) 2 - (0.143)(3.20) 2 + (4.05)(3.6) 2 ]/2(53.6 + 0.46 + 14.6) = +0.01 
A, = -44.1 - 53.1 + 140.2 - 44.2 = -1.2 A 2 = -50.5 - 1.46 + 53.2 = +1.2 
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13.27 The pipe network in Fig. 13-21 consists of the following pipes: .42?, 3000 ft, 8 in; BC, 3000 ft, 12 in; CD, 

10 000 ft, 36 in; DE, 8000 ft, 24 in; EF, 5000 ft, 6 in; FA, 4000 ft, 8 in; BE, 10 000 ft, 6 in; BF, 8000 ft, 12 in. 
Inflow at D = 6 cfs. Outflows are A, 2 cfs; B, 1 cfs; E, 1.5 cfs; C, 0.5 cfs; F, 1 cfs. Assume Manning n = 0.015, 
and find the flow in each pipe and the pressure at each junction if the pressure at D is 120 psi. 

I n= 0.015 S = n 2 V 2 /2.2\R™ = n 2 G7[2.21(D/4) 4 *(jr 2 £>7l6)] 

= [(0.015) 2 £? 2 (16)(6.4)]/(2.21jr 2 Z) 16 ' 3 ) = 0.00106(Q7D 1M ) 
h L = kQ 2 = (0.m06L/D 16 *)(Q 2 ) k = 0.00106L/D'“ 



D 

D“° 

0.00106L 

k 

AB 

0.67 

0.116 

3.18 

21A 

BC 

1.00 

1.0 

3.18 

3.2 

CD 

3.0 

355 

10.60 

0.03 

DE 

2.0 

40 

8.48 

0.21 

EF 

0.5 

0.0245 

5.30 

216 

FA 

0.67 

0.116 

4.24 

36.5 

BF 

1.0 

1.0 

8.48 

8.48 

BE 

0.5 

0.0245 

10.60 

432 


Loop 1: 


Loop 2: 


Loop 3: 


—(27.4)(1.3) 2 + (8.48)(1.6) 2 + (36.5)(0.7) 2 
2[(27.4)(1.3) + (8.48)(1.6) + (36.5)(0.7)] 


(216)(0.1) 2 —(8.48X1.6) 2 _ 

2(0 +(216)(0.1)+ (8.48)(1.6)] 


-(3.2)(3.9) 2 - (0.03)(4.4) 2 + (0.21)(1.6) 2 

^3 — nx . ^ ^ . 77TZ777Z — +l-oo 


A a = - 


2[(3.2)(3.9) + (0.03)(4.4) + (0.21)(1.6)] 
-43.5 + 15.8 + 20 


A 2 =- 


2[(27.4)(1.26) + (8.48)(1.36) + (36.5)(0.74)] 
-1110 + 31-15.6 


= +0.053 


= +0.695 


A, = - 


2[432(1.60) + 216(0.38) + (8.48)(1.36)] 

_ -13.1-0.19 + 2.56+1110 _ 

2[(3.2)(2.02) + (0.03)(2.52) + (0.21)(3.48) + (432)(1.6)] 
-40 + 4.2 + 22.8 


= -0.72 


A, = - 


A, = - 


2[(27.4)(1.21) + (8.48)(0.71) + (36.5)(0.79)] 
-14.1+251-4.2 


= +0.096 


= -0.37 


A,= 


2[(432)(0.18) + (216)(1.08) + (8.48)(0.71)] 

_ -24.2-0.3+ 1.6+ 14.1 _ 

2[(3.2)(2.74) + (0.03)(3.24) + (0.21)(2.76) + (432)(0.18)] 
-33.8 + 11.8 + 28.9 


= +0.05 


A, = - 


A,= — 


2[(27.4)(1.11) + (8.48)(1.18) + (36.5)(0.89)] 
-155 + 109-11.8 


= -0.05 


+0.07 


A 3 — ■ 


2[(432)(0.60) + (216)(0.71) + (8.48)(1.18)]' 

_ -23-0.3 + 1.6+155 _ 

’ 2[(3.2)(2.69) + (0.03)(3.19) + (0.21)(2.81) + (432)(0.6)J 
-37 + 9.5 + 25.7 


= -0.25 


Ai = — 


2[(27.4)(1.16) + (8.5)(1.06) + (36.5)(0.84)] 


= + 0.01 
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a 2 = - 


-33.8 + 132-9.6 


^3 — “; 


2[(432)(0.28) + (216)(0.78) + (8.5)(1.06)] 
-27.5 - 0.4+1.4 + 33.8 


= -0.15 


2[(3.2)(2.94) + (0.03)(3.44) + (0.21)(2.56) + (432)(0.28)] 
And after several more trials, final results are as shown on the last sketch of Fig. 13-21. 


= -0.03 


pressures (psi) 


A 

87.5 

B 

104.5 

C 

119.8 

D 

120.0 

E 

119.5 

F 

98.0 




First trial 
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Fourth trial 



13.28 


Prepare a computer program written in Fortran to determine the flow in each pipe in a pipe network by the 
Hardy Cross method. The program must be usable in both the English system of units and the International 
system of units. 


I c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


THIS PROGRAM DETERMINES THE FLOW RATE IN EACH PIPE IN A PIPE NET¬ 
WORK BY THE HARDY CROSS METHOD. IT CAN BE USED FOR PROBLEMS IN 
BOTH THE ENGLISH SYSTEM OF UNITS AND THE INTERNATIONAL SYSTEM OF 
UNITS. EACH LOOP MUST BE NUMBERED AND EACH INDIVIDUAL PIPE MUST 
ALSO BE NUMBERED. 

INPUT DATA MUST BE SET UP AS FOLLOWS. 

CARD 1 COLUMN 1 ENTER 0 (ZERO) OR BLANK IF ENGLISH SYSTEM 

OF UNITS IS TO BE USED. ENTER 1 (ONE) IF 
INTERNATIONAL SYSTEM OF UNITS IS TO BE 
USED. 

COLUMN 2 ENTER 0 (ZERO) OR BLANK IF ONLY THE 

RESULTS AFTER THE FINAL ITERATION ARE TO 
BE PRINTED. ENTER 1 (ONE) IF THE RESULTS 
AFTER EACH ITERATION ARE TO BE PRINTED. 

COLUMNS 3-5 ENTER INTEGER NUMBER (RIGHT ADJUSTED) 
TELLING HOW MANY LOOPS ARE IN THE PIPE 
NETWORK. 

COLUMNS 6-80 ENTER TITLE, DATE, AND OTHER INFORMATION, 
IF DESIRED. 

CARD 2 COLUMNS 1-2 ENTER INTEGER NUMBER (RIGHT ADJUSTED) 

TELLING HOW MANY PIPES ARE IN THE FIRST 
LOOP. 

COLUMNS 3-4 ENTER INTEGER NUMBER (RIGHT ADJUSTED) 

TELLING HOW MANY PIPES ARE IN THE SECOND 
LOOP. 

COLUMNS 5-6 ENTER INTEGER NUMBER (RIGHT ADJUSTED) 

TELLING HOW MANY PIPES ARE IN THE THIRD 
LOOP. 

(CONTINUE PATTERN FOR ALL LOOPS.) 

CARD 3 COLUMNS 1-3 ENTER INTEGER NUMBER (RIGHT ADJUSTED) TO 

IDENTIFY AND TO REPRESENT A PARTICULAR 
PIPE IN THE FIRST LOOP. 
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c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


1 


COLUMNS 4-6 


COLUMNS 7-16 


COLUMNS 17-26 
COLUMNS 27-36 


COLUMNS 37-46 


IF THIS PIPE IS IN C0M40N WITH ANY OTHER 
LOOP, ENTER INTEGER NUMBER (RIGHT AD¬ 
JUSTED) IDENTIFYING THAT LOOP. OTHER¬ 
WISE, ENTER 0 (ZERO) OR BLANK. 

ENTER NUMBER INCLUDING DECIMAL GIVING 
DIAMETER OF THIS PIPE (IN INCHES OR 
MILLIMETERS). 

ENTER NUMBER INCLUDING DECIMAL GIVING 
LENGTH OF THIS PIPE (IN FEET OR METERS). 
ENTER NUMBER INCLUDING DECIMAL GIVING 
INITIAL ESTIMATE OF FLOW RATE FOR THIS 
PIPE (IN CUBIC FEET PER SECOND OR CUBIC 
METERS PER SECOND). (ENTER CLOCKWISE 
FLOW RATES WITH RESPECT TO THIS LOOP AS 
POSITIVE AND COUNTERCLOCKWISE FLOW RATES 
AS NEGATIVE.) 

ENTER NUMBER INCLUDING DECIMAL GIVING 
HAZEN-WILLIAMS ROUGHNESS COEFFICIENT FOR 


THIS PIPE. 

(ENTER ADDITIONAL CARDS LIKE CARD 3 FOR EACH REMAINING 
PIPE IN THE FIRST LOOP, THEN FOR EACH PIPE IN THE SECOND 
LOOP, ETC. FOR ALL LOOPS.) 


MULTIPLE DATA SETS FOR SOLVING ANY NUMBER OF PROBLEMS MAY BE 
INCLUDED FOR PROCESSING. 


DIMENSION TITLE(13),DIAM(100,10),Q(100,10),ROUGH(100,10), 

* HLOSS(100,10),QDEL(100) 

REAL LENGTHflOO,10) 

INTEGER UNITS,LOOPS,PIPES(100),PPLOOP,PIPENO(100,10),OLOOP(100,10) 
READ(5,100,END=2)UNITS,IWRITE,LOOPS,TITLE 

100 F0RMAT(2I1,I3,12A6,A3) 

WRITE(6,105)TITLE 

105 FORMATCl' , 12A6,A3,////) 

COEFF=l.318 
FACTOR=12.0 

ERROR=.01 

IF (UNITS.EQ.l)COEFF=.8492 
IF(UNITS.EQ.l)FACTOR=1000.0 
IF(UNITS.EQ.1)ERROR=.001 
READ(5,101)(PIPES(J),J=1.LOOPS) 

101 FORMAT(4012) 

DO 200 J=l,LOOPS 
PPLOOP=PIPES(J) 

DO 200 K=1,PPLOOP 

200 READ(5,102)PIPENO(J,K),OLOOP(J,K),DIAM(J,K).LENGTH(J,K),Q(J,K), 

* ROUGH(J,K) 

102 FORMAT(2I3.4F10.0) 

NIT=1 

205 IF(IWRITE.EQ.1)WRITE(6,106)NIT 

106 FORMAT(//38X,'ITERATION NO.*,13,/,38X========= === ==’,//) 

IF(IWRITE.EQ.1.AND.UNITS.EQ.O)WRITE(6,107) 

107 FORMAT!' LOOP NO. PIPE NO. DIAMETER (IN) LENGTH (FT) ROUGHNESS 

* FLOW RATE (CFS) HEAD LOSS (FT)',/' - - - 

* - - - - -- ’/) 

IF(IWRITE.EQ.1.AND.UNITS.EQ.1)WRITE(6,108) 


108 FORMAT (' LOOP NO. PIPE NO. DIAMETER (MM) LENGTH ( M) 
* FLOW RATE (CMS) HEAD LOSS ( M)',/'- - 


ROUGHNESS 
-•/) 


DO 201 J=l,LOOPS 
IF(J.EQ.1)NIT=NIT+1 
SHLOSS=0.0 
SHQ=0.0 

PPLOOP=PIPES(J) 

DO 202 K=l,PPLOOP 

HLOSS(J,K)=(ABS(Q(J,K))*4.0**1.63/3.14159265/(DIAM(J,K)/FACTOR) 

* **2.63/COF.FF/ROUGH(J,K) ) **( 1.0/.54) ‘LENGTH(J ,K) 

IF(Q(J,K).LT.0.0)HLOSS(J,K)=-HLOSS(J,K) 

HQ=HLOSS(J,K)/Q(J,K) 

SHLOSS=SHLOSS+HLOSS(J,K) 

SHQ=SHQ+HQ 

IF(IWRITE.EQ.1)WRITE(6,109)J,PIPENO(J,K),DIAM(J,K),LENGTH(J,K), 

* ROUGH(J.K),Q(J,K),HLOSS(J,K) 
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109 FORMAT(3X,I3,7X,I3,7X,F7.1,6X,F8.0,7X,F5.0,7X,F8.3,7X,F9.3) 
202 CONTINUE 

QDEL(J)=-SHLOSS/l.85/SHQ 


IF (IWRITE. EQ.1.AND.UNITS.EQ.O)WRITE(6,110)SHLOSS,J,QDEL(J) 

110 FORMAT (78X ,'-' ,/, 78X ,F9. 3 ,/IX, ' FLOW RATE ADJUSTMENT FOR 

* LOOP',13,' = ',F7.3,' CFS*,/) 

IF(IWRITE.EQ.1.AND.UNITS.EQ.1)WRITE(6,111)SHLOSS,J,QDEL(J) 

111 FORMAT!78X, 1 -' ,/,78X,F9.3,/lX,'FLOW RATE ADJUSTMENT FOR 

* LOOP',13,' = 1 ,F7.3,' CMS',/) 

201 CONTINUE 


DO 203 J=l,LOOPS 
PPLOOP=PIPES(J) 

DO 203 K=1,PPLOOP 
Q(J,K)=Q(J,K)+QDEL(J) 

L=OLOOP(J,K) 

IF(OLOOP(J,K) .NE.O)Q (J, K) =Q (J,K) -QDEL(L) 

203 CONTINUE 

DO 204 J=l, LOOPS 

IF(ABS(QDEL(J)).GT.ERRORIGO TO 205 

204 CONTINUE 

IF(IWRITE.EQ.1)GO TO 1 
IF(UNITS.EQ.O)WRITE(6,107) 

IF(UNITS.EQ.1)WRITE(6,108) 

DO 206 J=1,LOOPS 
PPLOOP=PIPES(J) 

DO 206 K=l,PPLOOP 

IF(K.NE.PPLOOP)WRITE(6,109)J,PIPENO(J,K),DIAM(J,K).LENGTH(J,K), 

* ROUGH(J,K),Q(J,K),HLOSS(J,K) 

IF(K.EQ.PPLOOP)WRITE(6,112)J,PIPENO(J,K),DIAM(J,K),LENGTH(J,K), 

* ROUGH(J,K),Q(J,K),HLOSS(J,K) 

112 FORMAT(3X,13,7X,13,7X,F7.1,6X,F8.0,7X,F5.0,7X,F8.3,7X,F9.3,/) 

206 CONTINUE 
NIT=NIT-1 
WRITE16,1041NIT 

104 FORMAT*//,IX,13, ' ITERATIONS WERE REQUIRED.') 

GO TO 1 
2 STOP 
END 

13.29 Use the computer program written for Prob. 13.28 to solve for the flow rate in each pipe of the network of 
Prob. 13.3. 

f Input 

UHmi » tt411]11t4tSt«iri*1tM]1221J242SU27UWM]132JlMUM]rMI«4041 424)444l4*47«4tSO$im)S4llMf7US*Ui1tlt}MtSUt7tttt’Orm;r);47ir477rar«tt 

01 2SAMPLE PIPE NETWORK ANALYSIS 

4 4 


1 


18. 

2000. 

7.00 

120. 

2 

2 

24. 

900. 

3.50 

120. 

3 


12. . 

2800. 

-2.19 

120. 

4 


24. 

1100. 

-7.00 

120. 

5 


12. 

2200. 

3.50 

120. 

6 


18. 

750. 

-3.14 

120. 

7 


24. 

2600. 

-5.69 

120. 

2 

1 

24. 

900. 

-3.50 

120. 






Output 

SAMPLE 

PIPE NETWORK 

ANALYSIS 




ITERATION NO. 1 


LOOP NO. 

PIPE NO. 

DIAMETER (IN) 

LENGTH (FT) 

ROUGHNESS 

FLOW RATE (CFS) 

HEAD LOSS (FT) 

1 

1 

18.0 

2000. 

120. 

7.000 

6.803 

1 

2 

24.0 

900. 

120. 

3.500 

0.209 

1 

3 

12.0 

2800. 

120. 

-2.190 

-7.978 

1 

4 

24.0 

1100. 

120. 

-7.000 

-0.922 


- 1.888 
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FLOW RATE ADJUSTMENT FOR LOOP 1 = 0.212 CFS 


2 

5 

12.0 

2200. 

120. 

3.500 

14.936 

2 

6 

18.0 

750. 

120. 

-3.140 

-0.578 

2 

7 

24.0 

2600. 

120. 

-5.690 

-1.484 

2 

2 

24.0 

900. 

120. 

-3.500 

-0.209 







12.665 

FLOW RATE 

ADJUSTMENT 

FOR LOOP 2 = 

-1.435 CFS 





ITERATION NO. 2 


LOOP NO. PIPE NO. DIAMETER (IN) LENGTH (FT) ROUGHNESS FLOW RATE (CFS) HEAD LOSS (FT) 


1 

1 

18.0 


2000. 

120. 

7.212 

7.190 

1 

2 

24.0 


900. 

120. 

5.147 

0.427 

1 

3 

12.0 


2800. 

120. 

-1.978 

-6.605 

1 

4 

24.0 


1100. 

120. 

-6.788 

-0.870 








0.141 

FLOW RATE 

ADJUSTMENT 

FOR LOOP 

1 = 

-0.017 CFS 




2 

5 

12.0 


2200. 

120. 

2.065 

5.624 

2 

6 

18.0 


750. 

120. 

-4.575 

-1.160 

2 

7 

24.0 


2600. 

120. 

-7.125 

-2.251 

2 

2 

24.0 


900. 

120. 

-5.147 

-0.427 








1.786 

FLOW RATE 

ADJUSTMENT 

FOR LOOP 

2 = 

-0.286 CFS 








ITERATION 

NO. 3 







ae«a = »s* 

mat 



LOOP NO. 

PIPE NO. 

DIAMETER (IN) 

LENGTH (FT) 

ROUGHNESS 

FLOW RATE (CFS) 

HEAD LOSS (FT) 

1 

1 

18.0 


2000. 

120. 

7.196 

7.159 

1 

2 

24.0 


900. 

120. 

5.416 

0.469 

1 

3 

12.0 


2800. 

120. 

-1.994 

-6.709 

1 

4 

24.0 


1100. 

120. 

-6.804 

-0.874 







‘ 

0.044 

FLOW RATE ADJUSTMENT FOR LOOP 

1 => 

-0.005 CFS 




2 

5 

12.0 


2200. 

120. 

1.779 

4.267 

2 

6 

18.0 


750. 

120. 

-4.861 

-1.298 

2 

7 

24.0 


2600. 

120. 

-7.411 

-2.421 

2 

2 

24.0 


900. 

120. 

-5.416 

-0.469 








0.079 

FLOW RATE ADJUSTMENT FOR LOOP 

2 = 

-0.014 CFS 








ITERATION 

NO. 4 



LOOP NO. 

PIPE NO. 

DIAMETER 

(IN) 

LENGTH (FT) 

ROUGHNESS 

FLOW RATE (CFS) 

HEAD LOSS (FT) 



18.0 2000. 

24.0 900. 

12.0 2800. 

24.0 1100. 


120. 

7 

120. 

5 

120. 

-2 

120. 

-6 


190 

7. 

149 

425 

0 . 

470 

000 

-6. 

,742 

810 

- 0 . 

,876 


0 . 

.002 
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FLOW 

1 RATE 

ADJUSTMENT 

FOR LOOP 1 = 

t 

o 

o 

o 

o 

CFS 


2 

5 

12.0 

2200 

120. 1.765 4.206 


2 

6 

18.0 

750 

120. -4.075 -1.305 


2 

7 

24.0 

2600 

120. -7.425 -2.429 


2 

2 

24.0 

900 

120. -5.425 -0.4/0 

0.001 

FLOW 

1 RATE 

ADJUSTMENT 

FOR LOOP 2 = 

-0.000 

CFS 

Use the computer program written for Prob. 
in Fig. 13-22n. 

13.28 to solve for the flow rate in each pipe of the network shown 

1 It is necessary to assume an initial value of flow rate for each pipe in the network. The values assumed for 
this example are shown in Fig. 13-22A. 

Input 

U H 

» * 1 • * ten U1J 24 2SU]7M2«M)1 )2H14»SM17 M 1*40 41 41 41 *4 414*47 40 4* M It S4 SS Si 11 M I* M *1 *2 *1 *4 *t M *7 ttt* W 71 21 71 74 >17* 77 70 l*tt 

10 

4 4 

7SAMPLE PIPE NETWORK ANALYSIS 

5 6 3 4 4 


1 

0 

1000. 

1000. 

-0.6 

100. 

2 

2 

750. 

925. 

0.4 

100. 

3 

3 

750. 

1000. 

1.15 

100. 

4 

0 

750. 

925. 

-2.6 

100. 

10 

0 

1000. 

1000. 

-2.0 

120. 

11 

0 

1000. 

925. 

10.0 

120. 

9 

4 

750. 

1000. 

4.0 

120. 

2 

1 

750. 

925. 

-0.4 

100. 

3 

1 

750. 

1000. 

-1.15 

100. 

8 

4 

500. 

650. 

2.25 

100. 

7 

0 

500. 

400. 

-0.75 

100. 

6 

0 

500. 

671. 

-1.75 

100. 

5 

0 

500. 

350. 

-2.75 

100. 

9 

2 

750. 

1000. 

-4.0 

120. 

12 

0 

1000. 

800. 

5.0 

120. 

14 

5 

1000. 

650. 

2.0 

120. 

21 

6 

500. 

800. 

0.75 

120. 

22 

0 

500. 

1000. 

-2.0 

120. 

8 

3 

500. 

650. 

-2.25 

100. 

13 

0 

750. 

763. 

2.0 

120. 

15 

7 

750. 

400. 

0.5 

120. 

14 

4 

1000. 

650. 

-2.0 

120. 

21 

4 

500. 

800. 

-0.75 

120. 

18 

7 

500. 

125. 

0.75 

120. 

19 

0 

500. 

800. 

-0.75 

120. 

20 

0 

500. 

125. 

-1.75 

120. 

15 

5 

750. 

400. 

-0.5 

120. 

16 

0 

750. 

125. 

0.5 

120. • 

17 

0 

750. 

400. 

-0.5 

120. 

18 

6 

500. 

125. 

-0.75 

120. 


Output 

SAMPLE PIPE NETWORK ANALYSIS 


LOOP NO. 

PIPE NO. 

DIAMETER (MM) 

LENGTH ( M) 

ROUGHNESS 

FIOW RATE (CMS) 

HEAD LOSS ( M) 

i 

i 

1000.0 

1000. 

100. 

-0.532 

-0.655 

i 

2 

750.0 

925. 

100. ■" 

2.537 

44.438 

i 

3 

750.0 

1000. 

100. 

0.211 

0.481 

i 

4 

750.0 

925. 

100. 

-2.532 

-44.269 


co n t in u ed 
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I,OOP NO. 

PIPE NO. 

DIAMETER (MM) 

LENGTH ( M) 

ROUGHNESS 

FI.OW RATE (CMS) 

HEAD LOSS 

2 

10 

1000.0 

1000. 

120. 

-4.068 

-20.247 

2 

11 

1000.0 

925. 

120. 

7.932 

64.482 

2 

9 

750.0 

1000. 

120. 

0.152 

0. 187 

2 

2 

750.0 

925. 

100. 

-2.537 

-44.438 

3 

3 

750.0 

1000. 

100. 

-0.211 

-0.481 

3 

8 

500.0 

650. 

100. 

1.478 

82.694 

3 

7 

500.0 

400. 

100. 

0.258 

1.998 

3 

6 

500.0 

671 . 

too. 

-0.742 

-23.884 

3 

5 

500.0 

350. 

100. 

-1.742 

-60.446 

4 

9 

750.0 

1000. 

120. 

-0.152 

-0.187 

4 

12 

1000.0 

800. 

120. 

6.780 

41.703 

4 

14 

1000.0 

650. 

120. 

3.932 

12.357 

4 

21 

500.0 

800. 

120. 

0.940 

31.420 

4 

22 

500.0 

1000. 

120. 

-0.220 

-2.676 

4 

8 

500.0 

650. 

100. 

-1.478 

-02.694 

5 

1 3 

750.0 

763. 

120. 

1.848 

14.537 

S 

15 

750.0 

400. 

120. 

-0.942 

-2.191 

5 

14 

1000.0 

650. 

120. 

-3.932 

-12.357 

6 

21 

500.0 

800. 

120. 

-0.940 

-31.420 

6 

18 

500.0 

125. 

120. 

1.050 

6.025 

6 

19 

500.0 

800. 

120. 

0.840 

25.500 

6 

20 

500.0 

125. 

120. 

-0.160 

-0.186 

7 

15 

750.0 

400. 

120. 

0.942 

2.191 

7 

16 

750.0 

125. 

120. 

1.790 

2.246 

7 

17 

750.0 

400. 

120. 

0.790 

1.580 

7 

18 

500.0 

125. 

120. 

-1.050 

-6.025 


ITERATIONS WERE REQUIRED. 


For illustrative purposes, the actual flow rates as determined by the computer program are shown on Fig. 
13-22 c. 


13.31 Prepare a compute program written in Basic to determine the flow in each pipe in a pipe network by the Hardy 
Cross method. 

f 10 ' HARDY-CROSS LOOP BALANCING NETWORK PROGRAM, NET. BAS 

20 'U.S. CUSTOMARY<USC) OR SI UNITS(SI) MAY BE USED. 

30 'HAZEN-WILL1AMS<HW> OR DARCY-WE 1 SBACH<OW) EQUATION FMY BE USED FOR PIPES. 

40 'DATA ENTRY VIA READ AND DATA STATEMENTS. 

50 '»*«****READ DATA AND PRINT NETWORK INFORMAT I0N»*»»«««*»»««»»*»•»*«*»*#«*•« 

AO DEFINT I,J,K,N 

70 DIM ITYPE<1000),ELEM<500>,IND<500>,Q<100),H<100>,S(20),IX<240> 

80 FOR J=1 TO 100: ITYPE<J>=5: H<J>=-1000!: NEXT J 

90 READ TITLE*: LPRINTs LPRINT- ■(TITLE* 

100 READ TT*,KK,TOL,LNU,DEFA 'NT*=USC OR SI, KK=NO. OF ITER., LNU=K1N. CISC. 

110 'TOL=TOLFRANCE IN ITERATION, DEFA=DEFAULT COEF.- EITHER C OR EPS 
120 IF(TT*="SI" OR TT*='si-> THEN GOTO 150 
130 UNITS=4.727: G=32.174: 

140 LPRINT’ US CUSTOMARY UNITS SPEC. .VISCOSITY IN FT''2/S=" jUNU: GOTO 170 
150 UNITS*!0.674: G=9.806i 

160 LPRINT- SI UNITS SPEC. ,UI SCOSITY IN M'2/S=" ! LNU 

170 LPRINT- DESIRED TOLERANCE*- |TOL( * NO. OF ITERATIONS*’ {KK 

180 LPRINT* PIPE Q<CFS OR M*3/S> LIFT OR M> D<FT OR M) HU C OR EPS- 

190 READ NPI,TT*i IF NP!=0 THEN 310 

200 'NPI=NO. OF PIPES IN NETWORK, TT*=-HW- OR ’DW 

210 FOR 11=1 TO NPI: READ I,QQ,L,D,X3i IF X3*0! THEN X3=0EFA 

220 M=PIPE NO. ,QQ=FLOW,L=LENGTH,D*DIAMETER,X3=C OR EPS 
230 Q(I)=QQ: KP=4»<I-1)♦1 

240 IF TT*=-HW" OR TT*= - hw- 1 HEN 280 

250 ITYPE<I>=2: ELEM<KP)=L/<2!«G*D'5«.7854*2): 'DW 

260 ELEM1KP+1)=!'/<.7854»D«LNU): ELEM<KP*2)=X3/<3.7«D): 

270 EX=2!: GOTO 290 

280 1TYPE<I)=1: EX=1.852: ELEM<KP)=UNITS«L/<X3*EX*D*4.8704) 'HW 


290 

300 

£N=EX-1!i 

LPRINT USING* MM! 

LPRINT- •;I;* 

IHN.1MHM1N- ;Q< I > ;L;D;X3: 


NEXT I1 

310 

READ NPS.TT*: 

IF NPS=0 THEN 360 



320 

330 

'NPS=N0. OF PSEUDO 
FOR I1=1 TO NPS: 

ELEMENTS, TT*=-PS- 
READ I ,DH: 

ITYPE<I>=3: 

KP=4»< I — 1 > ♦ 1 
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340 

350 

360 

370 

380 

390 

400 

410 

420 

430 

440 

450 

460 

470 

480 

490 

500 

510 

520 

530 

540 

550 

560 

570 

580 

590 


ELEM(KP>=DHt LPRINT’ “ i 1 i * RESERVOIR ELEV. DIFFERENCE** 1 -,DH 

NEXT II 

READ NPU.TT*: IF NPU=0 THEN 480 

'NPU=NO. OF PUMPS, TT*=’PU’ 

FOR 11 = 1 TO NPU: READ I,QQ,DQ,HI,H2,H3,H4: ITYPE<I>=4 

'I=PUMP NO.,QQ=FLOW,DQ=DEL Q, HI ,H2 ,H3 ,H4=EQUALLY SPACED PTS ON PUMP CURVE 
KP=4«<I-l)tli Q<I)=QQ: ELEM<KP)=HI 

ELEM<KP*3)=<H4-3t »<H3-H2)-H1 >/<6! «DG A 3> 

ELEM<KP*2)=<H3-2!»H2*H1>/<2!«D0 A 2>-3f«ELEM<KP«3)«DQ 


ELEM<KP*1>=<H2-H1)/DQ-ELEM<KP+2)»DQ-ELEM<KP*3>*DQ A 2 
LPRINT’ • 11 j * PUMP CURVE, DO=’ 5 DQ|’ jHI ,H2,H3,H4 

LPRINT’ COEF. IN PUMP EQ. = ’}ELEM<KP)fELEMCKP« 1 >iELEM<KP+2)jELEM<KP*3> 

NEXT II 

'*<m»ii<t*READ LOOP INDEXING DATA AND BALANCE ALL LOOPS»«»»«««»«»»»««««»«*»»» 
READ NI,TT*1 IF NI=0 THEN 820 

'NI=NO. OF ITEMS IN VECTOR IND, TT*=*IND’ 

REAO IND<1)1 NEXT Ii 

FOR 1=1 TO NIi LPRINT 

DDQ=01: 1P=1 

IF 11=0 THEN 780 
HDQ=0■ 

I=IND<IP*J>i 
ELSE GOTO 580 

I=-Ii GOTO 590 


FOR 1=1 TO NIl 
LPRINT • IND=’|l 
FOR K=I TO KK: 

I1=IND<IP)I 
DH=0!i 

FOR J=t TO I I i 
IF 1=0 THEN 710 
S<J)=-l 1 l 
S<J)=tI 
NTY»ITYPE<I)i 


IND<NI*1>= 
INDCI);I NEXT 1 


IF !<0 THEN 570 


KP=4#<1-1 >♦! 


600 

610 

620 

630 

640 

650 

660 

670 

680 

690 

700 

710 

720 

730 

740 

750 

760 

770 

780 

790 

800 

810 

820 

830 

840 

850 

855 

860 

865 

870 

875 

880 

885 

890 

895 

900 

905 

910 

915 

920 

925 

930 

935 

940 

945 

950 

955 

960 

965 

970 

975 

980 

985 

990 

995 


GN NTY GOTO 610,620,680,690 
R=ELEM<KP>! GOTO 660 

REY=ELEM<KP+1)*ABS(0(1)): IF REY<1! THEN REY=1! 

IF REY<2000! THEN 640 ELSE GOTO 650 
R=ELEM(KP)»64!/REY: GOTO 660 

R=ELEM<KP)*1.325/<LOG<ELEM<KP*2)+5.74/REY A .9)> A 2 
DH=DH+S<J)»R»Q<I) »ABS(Q(I)) A EN 

HDQ=HDQ+EXkR*ABS<Q<I)) A EN: GOTO 710 

DH=DH»S<J)*ELEM<KP): GOTO 710 

DH=DH-S<J)«<ELEM<KP) + Q<I)*<ELEM<KP+1)+Q< I)*<ELEM<KP+2)*Q(I)»ELEM< KP+3))>) 
HDQ=HDQ-< ELEM< KP+1) + 2(*ELEM<KP*2>»Q<I> + 3!*ELEM<KP+3)*Q(I> A 2) 

NEXT J 

IF ABS<HDQ)<.0001 THEN HDQ=1! 

DQ=-DH/HOQ: DDQ=DDQ + ABSC DQ) 

FOR J=1 TO II: I=ABS(IND(1P+J>): IF ITYPE(I)=3 THEN 760 

Q(I)=Q<1)+S<J)»DQ 

NEXT J 

IP=IP+I1+1: GOTO 530 

LPRINT: LPRINT’ ITERATION NO. ’ j K; ’ SUM OF FLOW CORRECT 10NS= ■ ; 

LPRINT USING * Ktttt. IMtttW* jDDO 
IF DDQ<TOL THEN 820 
NEXT K 

LPRINT’ ELEMENT FLOW’: FOR 1=1 TO 100: NTY=ITYPE(I) 

ON NTY GOTO 840,840,850,840,850 

LPRINT’ - ; I ; i LPRINT USING’ MNM. MU*’ i Q( I ) 

NEXT I 


'*«*«•** DATA FOR PATH THRU SYSTEM TO COMPUTE HGL»**»»**«»«**»«»»*«»**»*»** 


IF NU=0 THEN 80 'NU=N0. OF NODES WITH GIVEN HGL,TT*=NODES 


READ I 1,H2: 

IF NI=0 THEN 80 
READ IX(1): 

FOR 1=1 TO NI: 


H<11>=H2: NEXT I 

'NI=NO. OF ITEMS IN PATH,TT*=’IX’ 
NEXT I: IX(NI+2)=0 

LPRINT IX<I> j: NEXT ]: LPRINT 


IF J=1 THEN K=IX(IP) 
N=IX< IP+J+1 > 

I=-I: 


GOTO 910 


READ NU,TT*: 

FOR 1=1 TO NU: 

READ NI,TT*: 

FOR 1=1 TO NI: 

LPRINT* IX=“;: 

IP=1 

FOR J=1 TO 238 STEP 2: 

I=IX<IP+J): 

IF 1<1 THEN SS=-1!: 

IF 1=0 THEN 955 ELSE SS=11 
NTY=ITYPE<I): KP=4«<I-1>*1 

ON NTY GOTO 920,925,945,950,955 
R=ELEM(KP): GOTO 940 

REY=ELEM<KP*1)»ABS<Q<I)>: IF REY<1! 

IF REY<20001 THEN R=ELEM<KP)«64•/REY: GOTO 940 

IF REY>=2000! THEN R=ELEM<KP)#1.325/<LOG<ELEM(KP+2)♦5.74/REY A .9)> A 2 
H<N)=H<K)-SS»R*Q<I)*A8S<Q<I)> A EN: GOTO 955 

H<N)=H<K)-SS*ELEM<KP): GOTO 955 

H<N)=H< K) + SS»< ELEM< KP) + Q<I)*<ELEM(KP«1)+ Q<I)*<ELEM(KP*2) + Q<I>«ELEM<KP*3>))) 

IF IX<J+IP*3)=0 THEN 975 

IF IX<J+IP+ 2)=0 THEN 970 

K=N: NEXT J 

IP=IP*J*3: GOTO 890 


THEN REY=1• 


LPRINT’ JUNCTION HEAD’ 

FOR N*1 TO 100: IF H<N>=-1000! THEN 990 

LPRINT’ ";Nj: LPRINT USING’ «««.««!•’ |H<N> 

NEXT N 
GOTO 80 




(a) Pipe network 


Fig. 13-22 
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1332 Use the computer program written for Prob. 13.31 to solve the network problem displayed in Fig. 13-23. The 
pump data are as follows: 



I 

Input 

DATA EXAMPLE 

DATA SI,30,.001,.000001,100. 

DATA 5,HU 

DATA 1,.12,600.,0.3,.0 
DATA 2,.03,300.,.15,.0 
DATA 3,.0,500.,.4,.0 
DATA 4,.03,400.,.3,.0 
DATA 5,.03,300.,.3,.0 
DATA 2,PS 
DATA 4,15.0 
DATA 7,18.0 
DATA 1,PU 

DATA 8,.06,.03,30.,29.,24.,20. 

DATA 14,1ND 

DATA 3,2,1,-3,3,4,-5,3,3,6,-4,-1,3,5,7,8 
DATA 1.NODES 
OATA 5,117. 

DATA 9, IX 

DATA 5,8,4,2,2,1,1,4,3 


Output 


EXAMPLE 

SI UNITS SPEC. .VISCOSITY IN M'2/S- .000001 
DESIRED TOLERANCE- .001 NO. OF ITERATIONS— 30 

PIPE GKCFS OR M*3/S> LIFT OR M> 0<FT OR M) HU C OR EPS 

1 0.12000 600.00000 0.30000 100.00000 

2 0.03000 300.00000 0.15000 100.00000 

3 0.00000 500.00000 0.60000 100.00000 

4 0.03000 400.00000 0.30000 100.00000 

5 0.03000 300.00000 0.30000 100.00000 

4 RESERVOIR ELEV. DIFFERENCE- 15 

7 RESERVOIR ELEV. DIFFERENCE- 18 

8 PUMP CURVE, DO- .03 H- 30 29 26 

COEF. IN PUMP EQ.- 30 -11.11112 -555.5555 -4172.841 

IND- 321-334-5336-4-1 3578 

ITERATION NO. 1 SUM OF FL0U CORRECTIONS- 0.1385 

ITERATION NO. 2 SUM OF FLOU CORRECTIONS- 0.1040 

ITERATION NO. 3 SUM OF FLOU CORRECTIONS- 0.0372 

ITERATION NO. 4 SUM OF FLOU CORRECTIONS- 0.0034 

ITERATION NO. 5 SUM OF FLOU CORRECTIONS- 0.0004 

ELEMENT FLOU 

1 0.143 

2 -0.034 

3 0.027 

4 0.080 

5 0.094 

8 0.087 

IX- 5 8 4 2 2 1 1 4 3 

JUNCTION HEAD 

1 137.811 

2 150.044 

3 135.044 

4 137.797 

5 117.000 
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CHAPTER 14 

Flow in Open Channels 



14.1 


14.2 


Water flows in a rectangular, concrete, open channel that is 12.0 m wide at a depth of 2.5 m. The channel slope 
is 0.0028. Find the water velocity and the flow rate. 

I v = (1.0/n)(R 2/3 )(s 112 ) n =0.013 (from Table A-13) 

R = A/p„ = (12.0)(2.5)/(2.5 + 12.0 + 2.5) = 1.765 m 
t; = (1.0/0.013)(1.765) 2/3 (0.0028) 1/2 = 5.945 m/s Q=Av = [(12.0)(2.5)](5.945) = 178 m 3 /s 

Water flows in the symmetrical trapezoidal channel lined with asphalt shown in Fig. 14-1. The channel bottom 
drops 0.1 ft vertically for every 100 ft of length. What are the water velocity and flow rate? 

f v = (1.486/n)(/? 2/3 )(r 1/2 ) n = 0.015 (from Table A-13) 

R = Alp w A = (16.0)(4.5) + (2){(4.5)[(3)(4.5)]/2) = 132.8 ft 2 

p„ = 16.0 + 2V(4.5) 2 + [(3)(4.5)] 2 = 44.46 ft R = 132.8/44.46 = 2.987 ft 
s = 0.1/100 = 0.00100 v = (1.486/0.015)(2.987) 2/3 (0.00100) 1/2 = 6.498 ft/s 

Q = Av = (132.8)(6.498) = 863 ft 3 /s 



14.3 


Fig. 14-1 

Water is to flow at a rate of 30 m 3 /s in the concrete channel shown in Fig. 14-2. Find the required vertical drop 
of the channel bottom per kilometer of length. 

I A = (3.6)(2.0) + (4.0 - 2.0)[(1.6 + 3.6)/2] = 12.40 m 2 v = (l.0/n)(R 2,3 )(s m ) = Q/A = 30/12.40 = 2.419m/s 
p w = 3.6 + 2.0 + V(4.0-2.0) 2 + (3.6 - 1.6) 2 + 1.6 = 10.03m R =A/p w = 12.40/10.03 = 1.236m 1 
2.419 = (1.0/0.013)(1.236) 2/3 (y) ,/z ^ = 0.000746 

This slope represents a drop of the channel bottom of 0.000746 m per meter of length, or 0.746 m per kilometer 
of length. 



Fig. 14-2 


356 
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Water flows in the triangular steel channel shown in Fig. 14-3 at a velocity of 2.9 ft/s. Find the depth of flow if 
the channel slope is 0.0015. 

f v = (1.486/n)(R 2/3 )(s m ) R = A/p w = 2{{(d)(d tan 27.5°)/2]/(2d/cos 27.5°)} = 0.2309d 

2.9 = (1.486/0.014)(0.2309d) 2/3 (0.0015) 1 ' 2 d = 2.57 ft 



After a flood had passed an observation station on a river, an engineer visited the site and, by locating flood 
marks, performing appropriate surveying, and doing necessary computations, determined that the ^ 

cross-sectional area, wetted perimeter, and water-surface slope at the time of the peak flooding were 2960 m , 
341 m, and 0.00076, respectively. The engineer also noted that the channel bottom was “earth with grass and 
weeds” (n = 0.030). Estimate the peak flood discharge. 

| v = (1.0/n)(R 2/3 )(i 1/2 ) = (1.0/0.030)(2960/341) 2/3 (0.00076) 1/2 = 3.881 m/s 

Q =Av = (2960)(3.881) = 11490 m 3 /s 


A rectangular, concrete channel 50 ft wide is to carry water at a flow rate of 800 cfs. The channel slope is 
0.00025. Find the depth of flow. 

I v = (1.486/rt)(J? 2/3 )(s l/2 ) = Q/A = 800/50d = 16.00/d R = A/p w = 50d/(50 + 2d) 

16.00 Id = (1.486/0.013)[50d/(50 + 2d)f 3 (0.00025) 1 ' 2 

This equation is not readily solvable, but a trial-and-error solution (not shown here) reveals that d = 3.92 ft. 


Prepare a computer program that will determine the depth of flow of water in a rectangular channel (as in Prob. 
14.6). 


c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 


THIS PROGRAM DETERMINES THE DEPTH OF FLOW FOR OPEN CHANNEL FLOW 
IN RECTANGULAR SECTIONS. IT CAN BE USED FOR PROBLEMS IN BOTH THE 
ENGLISH SYSTEM OF UNITS AND THE INTERNATIONAL SYSTEM OF UNITS. 

INPUT DATA MUST BE SET UP AS FOLLOWS. 


CARD 1 


CARD 2 


COLUMN 1 


ENTER 0 (ZERO) OR BLANK IF ENGLISH SYSTEM 
OF UNITS IS TO BE USED. ENTER 1 (ONE) IF 
INTERNATIONAL SYSTEM OF UNITS IS TO BE 
USED. 

COLUMNS* 2-79 

ENTER TITLE, DATE, AND OTHER INFORMATION, 
IF DESIRED. 

COLUMNS 

1-10 

ENTER NUMBER INCLUDING DECIMAL GIVING 
WIDTH OF CHANNEL (IN FEET OR METERS) . 

COLUMNS 

11-20 

ENTER NUMBER INCLUDING DECIMAL GIVING 

FLOW RATE (IN CUBIC FEET PER SECOND OR 
CUBIC METERS PER SECOND). 

COLUMNS 

21-30 

ENTER NUMBER INCLUDING DECIMAL GIVING 
SLOPE. 

COLUMNS 

31-40 

ENTER NUMBER INCLUDING DECIMAL GIVING 
MANNING N-VALUE. 


MULTIPLE DATA SETS FOR SOLVING ANY NUMBER OF PROBLEMS MAY BE 
INCLUDED FOR PROCESSING. 


DIMENSION TITLEU3) 

REAL N 

INTEGER UNITS 

1 READ(5 , 100,END=2)UNITS,TITLE 
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100 FORMAT(11,13A6) 

WRITE(6,105)TITLE 

105 FORMAT(’ 1' , 13A6,////) 

COEFF=1.486 

IF(UNITS. EQ.1)COEFF=1.0 
READ(5,101)W,Q,S,N 

101 FORMAT(4F10.0) 

D=0.001 

TRY1=COEFF/N*(W *D/(W+ 2.0 *D))**(2.0/3.0)*SQRT(S)-Q/W/D 
104 D=D+0.001 

TRY2=COEFF/N*(W*D/(W+2.0*D))**(2.0/3.0)*SQRT(S)-Q/W/D 
IF(TRY1*TRY2)102,102,103 
103 TRY1=TRY2 
GO TO 104 

102 D=D-0.0005 

IF(UNITS.EQ.O)WRITE(6,106)W,Q,S,N,D 

106 FORMAT (IX,'GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A RECTANGULAR SE 
*CTI0N',//5X,'WIDTH =',F7.1,' FT',//5X,'FLOW RATE =',F7.1,' CU FT/S 
*',//5X,'SLOPE =',F10.7,//5X,'MANNING N-VALUE =',F6.3.////1X,'THE D 
*EPTH OF FLOW WILL BE',F7.2,' FT') 

IF(UNITS.EQ.1)WRITE(6,107)W,Q,S,N,D 

107 FORMAT(IX,'GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A RECTANGULAR SE 
*CTION',//5X,'WIDTH =',F7.1,' M \//5X,'FLOW RATE =',F7.1,' CU M/S 
*',//5X,'SLOPE =',F10.7,//5X,'MANNING N-VALUE =',F6.3,////IX,'THE D 
*EPTH OF FLOW WILL BE',F7.2,' M') 

GO TO 1 
2 STOP 
END 


14.8 


Solve Prob. 14.6 using the computer program of Prob. 14.7. 

f 

Input 


,,.4“ 7., 444,4.4... 

OSAMPLE ANALYSIS 0F 0PEN CHANNEL FL0W IN A RECTANGULAR SECTI0N 
50.0 800.0 0.00025 0.013 


Output 

SAMPLE ANALYSIS OF OPEN CHANNEL FLOW IN A RECTANGULAR SECTION 


GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A RECTANGULAR SECTION 
WIDTH = 50.0 FT 

FLOW RATE = 800.0 CU FT/S 

SLOPE = 0.0002500 
MANNING N-VALUE = 0.013 


THE DEPTH OF FLOW WILL BE 3..92 FT 


14.9 A rectangular channel (n - 0.016) 20 m wide is to carry water at a flow rate of 30 m 3 /s at a slope of 0.00032 
Find the depth of flow using the computer program of Prob. 14.7. 

I 

Input 


J * * 4 * ‘ 7 * 9 n”M»M»»»«41424J444S4«47««SO515]S>MSSMS7MS»«O*1*3t3M«SM»7M4»?071 727)747S7t?77l79» 

1SAMPLE ANALYSIS 0F 0PEN CHANNEL FL0W IN A RECTANGULAR SECTI0N 
20.0 30.0 0.00032 0.016 
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Output 

SAMPLE ANALYSIS OF OPEN CHANNEL FLOW IN A RECTANGULAR SECTION 


GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A RECTANGULAR SECTION 
WIDTH = 20.0 M 

FLOW RATE = 30.0 CU M/S 

SLOPE = 0.0003200 
MANNING N-VALUE = 0.016 


THE DEPTH OF FLOW WILL BE 1.25 M 

14.10 A corrugated metal pipe of 500 mm diameter flows half-full at a slope of 0.0050 (see Fig. 14-4). What is the flow 
rate for this condition? 

I v = (1.0 ln)(R™)(s m ) = (1.0/0.024)[(^)/4f 3 (0.0050) 1 ' 2 = 0.7366 m/s 

Q = Av = {[(*)® 74]/2}(0.7366) = 0.0723 m 3 /s 

(Note: The hydraulic radius for both a circular cross section and a semicircular cross section is one-fourth the 
diameter.) 


Fig. 14-4 

14.11 A 24-in-diameter cast iron pipe on a 4 ® slope carries water at a depth of 5.6 in, as shown in Fig. 14-5a. What is 
the flow rate? 

f v = (1.486/n)(fl 2 ' 3 )(.s 1/2 )> R = A IPw The applicable area in this problem is the shaded ar ea (AECDA) \n Fig. 
14-5b: AB — BC = 12in (both are radii), BE = 12 - 5.6 = 6.4 in. Therefore, AE = EC = V(12) 2 - (6.4) 2 = 
10.15 in and %.ABE = %.EBC = arccos (6.4/12) = 57.77°, (Area) ABCDA = [(jr)(24) 2 /4][(2)(57.77°)/360°] = 

145.19 in 2 , (Area ) ABE/1 = (Area) flCEB = (6.4)(10.15)/2 = 32.48 in 2 , (Area ) AEC da = (Area ) ABCD a ~ 

(2)(Area ) ABEA = 145.19 - (2)(32.48) = 80.23 in 2 . The applicable wetted perimeter in this problem is the arc 
distance ADC in Fig. 14-5: p w = ADC = (*)(24)[(2)(57.77°)/360°] = 24.20 in. R = 80.23/24.20 = 3.315 in, or 
0.2763 ft, u = (1.486/0.012)(0.2763) M (^) 1/2 = 2.627 ft/s, Q=Av = (80.23/144)(2.627) = 1.46 ft 3 /s. 


D 

(b) 





(a) 


Fig. 14-5 
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14.12 


14.13 


14.14 


14.15 


A 500-mm-diameter concrete pipe ona^ slope is to carry water at a flow rate of 0.040 m 3 /s. Find the depth of 
flow. See Fig. 14-6n. 

I v = (1.0 /n)(R 2 *)(s m ) = Q/A = 0.040/A 0.040/A = (1.0/0.013)(/? 2/3 )( 5 L) 1 ' 2 AR m = 0.01163 

Since R - A/p w , 

A 5li lp™ = 0.01163 (j) 

Equation ( 1 ) contains two unknowns, A and p w \ however, both unknowns can be expressed in terms of the 
unknown depth of flow, d. The applicable area in this problem is the shaded area ( AECDA) in Fig. 14-66- 
AB = BC = 0.25 m (both are radii), BE = 0.25 - d. Therefore, AE = CE = V(0.251 2 - 10.25 - dV x A RF = 
AEBC = arccos [(0.25 - d)/0.25], 

(Area), aco .- [ [(025-*)/0.25] j_ 

(Area) AEC£M = (Area)^^^ — 2(Area) /lfl£/ , = (0.001091)(arccos ^ - (2)p-°' 25 

_ _ r „J(2) arccos [(0.25-d)/0.2511 / 0 25 — /A 

P* = ADC = (*)(0.50){-- >1 - J| « (0.008727)(arccos^^-=j 

Therefore, substituting into Eq. (1), 

[(0.001091){arccos [(0,25 - 4)/0,25]> - (0,25 - d)V(0.25f - (0.25 - dff n m 3 

[(0.008727) {arccos [(0.25 - d)/0.25]}f 3 = 0.01163 y 

This equation is not readily solvable, but a trial-and-error solution (not shown here) reveals that d = 0.166 m or 
166 mm. 




Solve Prob. 14.11 utilizing Fig. A-18. 

f m ~ ® From Fig- A-15, Qfun = 11.4 ft 3 /s and u tu „ = 3.6 ft/s. These values of Q tu „ and v fu n must 
be adjusted for an n value of 0.012 for the given cast iron pipe (Fig. A-15 is based on an n value of 0.013): 
(Gf»u)»=ooi 2 / 11.4 = 0.013/0.012, (Gf uU )„_o.oi 2 = 12.4ft 3 /s, (Vf U ,,)„.o.oi 2 / 3.6 = 0.013/0.012, (i / (ulI )„_ 00 , 2 = 3.9 ft/s, 
“ /d ™ - 5.6/24 - 0.23, or 23 percent. Enter the ordinate of Fig. A-18 with a value of d/d lu „ of 23 percent, move 
horizontally to the line marked “discharge,” and then vertically downward to the abscissa to read Q/Q MI = 12 

In a similar manner using the “velocity” line, read u/u full = 63 percent. Therefore, Q = (0.12)(12.4) = 
1.5 ft 3 /s, v = (0.63)(3.9) = 2.5 ft/s. 

Solve Prob. 14.12 utilizing Fig. A-18. 

{ °' 0 ? 200 ' From Fig - A ‘ 16 > Q *«u = °- 169 m 3 /s: Q/Q, uU = 0.040/0.169 = 0.24, or 24 percent. From Fig. 

A-18, d/dfuu = 34 percent; d = (0.34)(500) = 170 mm. 

A 30-in-diameter concrete storm sewer pipe must carry a flow rate of 9.0 cfs at a minimum velocity of 2.5 ft/s 
Find the required slope and water depth. 

I A = Qlv =9.0/2.5 = 3.600 ft 2 A fuU = [(^)(f§) 2 /4] = 4.909 ft 2 

A !Afuu = 3.600/4.909 = 0.73 or 73 percent 
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From Fig. A-18, d/d fun = 69 percent and R/R taU = 116 percent. 

d = (0.69)(30) = 20.7 in v = (1.486/n)(/? 2/3 )(s 1 ' 2 ) 

2.5 = (1.486/0.013){(1.16)[(n)/4]} 2/3 (s 1/2 ) s = 0.000734 

14.16 A concrete pipe must carry water at a slope of 0.0075, at a velocity of 0.76 m/s, and at a depth of flow equal to 
one-tenth its diameter. What is the required pipe diameter? 

f v = (1.0/n)(K 2/3 )(s 1/2 ) 0.76 = (1.0/0.013)(R 2/3 )(0.0075) 1/2 /? = 0.03853 ft 

From Fig. A-18 with d/d^n = 10 percent, R/Rtan — 25 percent. 

0.03853//? tun = 0.25 /? fu „ = 0.1541 m 0.1541 = d/4 d = 0.616 m or 616 mm 

14.17 Prepare a computer program that will determine either the depth of flow or the flow rate for open channel flow 
in circular sections. 

f C THIS PROGRAM DETERMINES EITHER THE DEPTH OF FLOW OR THE FLOW RATE 

C FOR OPEN CHANNEL FLOW IN CIRCULAR SECTIONS. IT CAN BE USED FOR 

C PROBLEMS IN BOTH THE ENGLISH SYSTEM OF UNITS AND THE INTERNATIONAL 

C SYSTEM OF UNITS. 

C 

C INPUT DATA MUST BE SET UP AS FOLLOWS. 

C 

C CARD 1 COLUMN 1 

C 
C 
C 

C COLUMNS 2-79 

C 

C CARD 2 COLUMNS 1-10 

C 
C 

C COLUMNS 11-20 

C 

C COLUMNS 21-30 

C 

C COLUMNS 31-40 

C 

C COLUMNS 41-50 

C 
C 
C 

c ********************************************************************** 

c * * 

C * NOTE WELL_EITHER THE DEPTH OF FLOW (COLUMNS 11-20) OR THE * 

C * FLOW RATE (COLUMNS 41-50) , WHICHEVER ONE IS TO BE DETERMINED BY * 

C * THIS PROGRAM, SHOULD BE LEFT BLANK ON CARD 2. * 

C * * 

Q ********************************************************************** 

C 

C MULTIPLE DATA SETS FOR SOLVING ANY NUMBER OF PROBLEMS MAY BE 
C INCLUDED FOR PROCESSING. 

C 

DIMENSION TITLE(13) 

COMMON D,R,D1,DIAM,PI,FACTOR,AREA,WP 
REAL N 

INTEGER UNITS 
PI=3.14159265 

1 READ(5,100,END=2)UNITS,TITLE 

100 FORMAT(I1,13A6) 

WRITE(6,105)TITLE 

105 FORMAT('1',13A6,////) 

COEFF=l.486 
FACTOR=12.0 

IF(UNITS.EQ.1)COEFF=1.0 
IF(UNITS.EQ.1)FACTOR®1000.0 
READ(5,101)DIAM,D,S,N,Q 

101 FORMAT(5F10.0) 

R=DIAM/2.0 

IF(Q.GT.0.0001)GO TO 102 
D1=D 


ENTER 0 (ZERO) OR BLANK IF ENGLISH SYSTEM 
OF UNITS IS TO BE USED. ENTER 1 (ONE) IF 
INTERNATIONAL SYSTEM OF UNITS IS TO BE 
USED. 

ENTER TITLE, DATE, AND OTHER INFORMATION, 
IF DESIRED. 

ENTER NUMBER INCLUDING DECIMAL GIVING 
DIAMETER OF CHANNEL (IN INCHES OR MILLI¬ 
METERS) . 

ENTER NUMBER INCLUDING DECIMAL GIVING 
DEPTH OF FLOW (IN INCHES OR MILLIMETERS). 
ENTER NUMBER INCLUDING DECIMAL GIVING 
SLOPE. 

ENTER NUMBER INCLUDING DECIMAL GIVING 
MANNING N-VALUE. 

ENTER NUMBER INCLUDING DECIMAL GIVING 
FLOW RATE (IN CUBIC FEET PER SECOND OR 
CUBIC METERS PER SECOND) . 
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CALL AREAWP 
HR=AREA/WP 

Q«AREA*COEFF/N*HR**(2.0/3.0)*SQRT(S) 

IFtUNITS. EQ. 0) WRITE (6,103) DIAM,D, S,N,Q 

103 FORMAT(IX, 1 GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A CIRCULAR SECTI 
*ON'//5X,'DIAMETER =',F7.2,' IN',//5X,'DEPTH OF FLOW =’,F7.2,* IN', 
*//5X,'SLOPE =',F10.7,//5X,'MANNING N-VALUE = ',F6.3.////1X,'THE FLO 
*W RATE WILL BE',F8.3,‘ CU FT/S') 

IF(UNITS.EQ.1)WRITE(6,104)DIAM,D,S,N,Q 

104 FORMAT(IX,'GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A CIRCULAR SECTI 
•ON'//5X,'DIAMETER =’,F7.1,' MM',//5X,'DEPTH OF FLOW =',F7.1,' MM', 
*//5X,'SLOPE =',F10.7,//5X,'MANNING N-VALUE =’,F6.3,////IX,'THE FLO 
•W RATE WILL BE',F8.3,' CU M/S') 

GO TO 1 

102 AWP=Q*N/COEFF/SQRT(S) 

D=0.01 
D1=D 

CALL AREAWP 

TRY1-AREA**(5.0/3.0)/WP**(2.0/3.0)-AWP 

108 D=D+0.01 
IF(D.GT.DIAM)GO TO 112 
Dl=D 

CALL AREAWP 

TRY2=AREA**(5.0/3.0)/WP**(2.0/3.0)-AWP 
IF(TRYl*TRY2)106,106,107 
107 TRY1=TRY2 
GO TO 108 
106 D=D-0.005 

IF(UNITS.EQ.O)WRITE(6,109)DIAM,Q,S,N,D 

109 FORMAT(IX,'GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A CIRCULAR SECTI 
*ON',//5X,'DIAMETER =',F7.2,' IN',//5X,' FLOW RATE »',F8.3,' CU FT/S 
*' ,//5X, 'SLOPE =',F13.7,//5X,'MANNING N-VALUE =’,F6.3,////lX,'THE D 
*EPTH OF FLOW WILL BE',F7.2,' IN'). 

IF(UNITS.EQ.1)WRITE(6,110)DIAM,Q,S ,N,D 

110 FORMAT(IX,'GIVEN DATA FOR AN OPEN pHANNEL FLOW IN A CIRCULAR SECTI 
*ON' ,//5X, 'DIAMETER =',F7.1,‘ MM 1 , //!>X,' FUDW RATE «',F8.3,' CU M/S 
*',//5X,'SLOPE =',F13.7,//5X,'MANNING N-VALUE «’,F6.3,////lX,'THE D 
*EPTH OF FLOW WILL BE' ,F7.1,' MM') 

GO TO 1 

112 WRITE(6,116) 

116 FORMAT (IX,'THIS CIRCULAR CONDUIT CANNOT CARRY THIS GREAT A FLOW AS 
* OPEN CHANNEL FLOW.') 

GO TO 1 
2 STOP 
END 

SUBROUTINE AREAWP 

COMMON D,R,D1,DIAM,PI,FACTOR,AREA,WP 
IF(D.GT.R)D1=DIAM-D 
ABCDA=DIAM**2/4.0*ARCOS((R-Dl)/R) 

ABEA=(R-Dl)*SQRT(R**2-(R-Dl)**2)/2.0 
AREA=ABCDA-2.0*ABEA 
WP=DIAM*ARCOS((R-Dl)/R) 

IF(D.GT.R)AREA=PI*DIAM** 2/4.0-AREA 

IF(D.GT.R)WP=PI*DIAM-WP 

AREA=AREA/FACTOR ** 2 

WP«=WP /FACTOR 

RETURN 

END 


14.18 Solve Prob. 14.11 utilizing the computer program of Prob. 14.17. 

f Input 


i t l * l « * a iMnmiHilHiMdtaitBliHUUuaHMtinUHHMtTiiHaaauMaaaaatiHiiiiHuHiMiiimitittHMMtfalMiinrtriHnMnan* 
0SAMPLE ANALYSIS 0F AN 0PEN CHANNEL FL0W IN A CIRCULAR SECTI0N 
24.0 5.6 0.0025 0.012 
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Output 

SAMPLE ANALYSIS OF AN OPEN CHANNEL FLOW IN A CIRCULAR SECTION 


GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A CIRCULAR SECTION 
DIAMETER = 24.00 IN 

DEPTH OF FLOW = 5.60 IN 

SLOPE « 0.0025000 
MANNING N-VALUE = 0.012 


THE FLOW RATE WILL BE 1.463 CU FT/S 

14.19 Solve Prob. 14.12 utilizing the computer program of Prob. 14.17. 

f Input 

I 1 H I I 7 I t Mlf 11t)141SH171t19M|tmiMUttl71t2«»Hni)M»>*)rSI>*«414341444S444r4Mfl0l1 S1!)MUMPM>9M«1 *2*)MU44*7M«t7«n n7)M7SH77*m» 

1SAMPLE ANALYSIS 0F AN 0PEN CHANNEL FL0H IN A CIRCULAR SECTI0N 
500. 0.002 0.013 0.040 

Output 

SAMPLE ANALYSIS OF AN OPEN CHANNEL FLOW IN A CIRCULAR SECTION 

GIVEN DATA FOR AN OPEN CHANNEL FLOW IN A CIRCULAR SECTION 
DIAMETER = 500.0 MM 

FLOW RATE = 0.040 CU M/S 

SLOPE = 0.0020000 

MANNING N-VALUE = 0.013 

THE DEPTH OF FLOW WILL BE 165.7 MM 

14.20 An open channel is to be designed to carry 1.0 m 3 /s at a slope of 0.0065. The channel material has an rt value of 
0.011. Find the most efficient cross section for a semicircular section. 

I v = (1.0/n)(R 2/3 )(s m ) Q/A = (1.0/n)(A/p„) 2/3 (s m ) 

A 5l3 /p ” = Qn/s m = (1.0)(0.011)/0.0065 1 ' 2 = 0.1364 
A = nd 2 /$ p„ = Jtd/2 (nd. 2 18f 13 1 {xdllf 3 = 0.1364 d — 0.951 m or 951mm 

(d is the diameter of the semicircular section; the depth of flow would, of course, be half of d.) 

1421 Find the most efficient cross section for Prob. 14.20 for a rectangular section. 

f A 5l3 /p= 0.1364 (from Prob. 14.20). The most efficient rectangular section has a width equal to twice its 
depth. Letting d = depth, A = (d)(2d) = 2d 2 , p w = d + 2d + d = 4d, (2d 2 ) 5,3 /(4d) 2/3 = 0.1364, d = 0.434 m, or 
434 mm; width = 2 d — (2)(434) = 868 mm. 

14.22 Find the most efficient cross section for Prob. 14.20 for a triangular section. 

f A 5l3 /pZ 3 = 0.1364 (from Prob. 14.20). The most efficient triangular section has a 90° angle and 1:1 side 
slopes (see Fig. 14-7). A = (i)(d\/2)(dV2) = d 2 , p w = (2)(dV2>,= 2.828d, (d 2 ) 5/3 /(2.828d) 2/3 = 0.1364, d = 

0.614 m, or 614 mm; sides = dV2 = (614)(V2) = 868 mm. 
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Fig. 14-7 


14.23 Find the most efficient cross section for Prob. 14.20 for a trapezoidal section. 

f A 5n /p m = 0.1364 (from Prob. 14.20). The most efficient trapezoidal section is half a regular hexagon (see 
Fig. 14-8). A = (1.1554)(4) + (2)[(4)(4 tan 30°)/2] = 1.7324 2 , p w = (3)(1.1554) = 3.4654, 
(1.7324 2 ) 5/3 /(3.4654) 2 ' 3 = 0.1364, 4 = 0.459 m; sides and bottom: each = 1.1554 = (1.155)(0.459) = 0.530 m. 



14.24 For the same conditions given in Prob. 14.2, determine the status of flow (i.e., is it critical, subcritical, or 
supercritical?). 

f N f = v/V&L v = 6.498 ft/s (from Prob. 14.2) d m =A/B A = 132.8 ft 2 (from Prob. 14.2) 

B = (3)(4.5) + 16.0 + (3)(4.5) = 43.0 ft 4 m = 132.8/43.0 = 3.088 ft 

N f = 6.498/V(32.2)(3.088) = 0.652 

Since N F < 1.0, the flow is subcritical. 

14.25 The triangular channel (n = 0-012) shown in Fig. 14-9 is to carry water at a flow rate of 10 m 3 /s. Find the critical 
depth, critical velocity, and critical slope of the channel. 

I B/A 3 = g/Q 2 B = 6d c A = 2[(4 c )(34 c )/2] = 34 2 64 c /(34?) 3 = 9.807/10 2 d c = 1.178 m 

= QIA = 10/[(3)(1.178) 2 ] =2.402 m/s = {«u c /[(1.0)(/?f )]} 2 R = A/p w 

R c = [(3)(1.178) 2 ]/[(2)(VlO)(l. 178)] = 0.5588 m j c = {(0.012)(2.402)/[(1.0)(0.5588) 2/3 ]} 2 = 0.00181 



14.26 The semicircular channel (n = 0.010) shown in Fig. 14-10 is to carry water at a depth of 1.0 ft. Find the velocity, 
slope, and discharge at the critical stage. 

I d m =A/B = [(5)(jt)( 2.0) 2 /4]/2.0 = 0.7854 ft v c = Vgti^ = V(32.2)(0.7854) = 5.029 ft/s 

s c = {m> c /[(1.486)(f?f 3 )]} 2 = {(0.010)(5.029)/[(l.486)(2.0/4) 2/3 ] } 2 = 0.00289 
Q=Av c = [(J)(jr)(2.0) 2 /4](5.029) = 7.90 ft 3 /s 

14.27 A flow rate of 2.1 m 3 /s is to be carried in an open channel at a velocity of 1.3 m/s. Determine the dimensions of 
the channel cross section and required slope if the cross section is rectangular with depth equal to one-half the 
width. Use n = 0.020. 
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14.28 


14.29 


1430 


14.31 



Fig. 14-10 


f Q=Av. Let B = channel width. Then channel depth = B/ 2; 2.1 = [(B)(B/2)](1.3), B = 1.797 m. Hence, the 
required width is 1.797 m and depth is 1.797/2, or 0.898 m. 

R = A/p w = (1.797)(0.898)/[1.797 + (2)(0.898)] = 0.4491 m 
s = {nu/[(1.0)(B M )]} 2 = {(0.020)(1.3)/[(1.0)(0.4491) 2 ' 3 ]} 2 = 0.00197 


Repeat Prob. 14.27 if the depth must be equal to twice the width. Compare answers with Prob. 14.27. 

f Q = Av. Let B = channel width. Then channel depth = 2B; 2.1 = [(B)(2B)](1.3), B = 0.899 m. Hence, the 
required width is 0.899 m and depth is (2)(0.899), or 1.798 m. 

R = A/p w = (1.798)(0.899)/[0.899 + (2)(1.798)] = 0.3596 m 
s = {nu/[(1.0)(B 2/3 )]} 2 = {(0.020)(1.3)/[(1.0)(0.3596) 2 ' 5 ]} 2 = 0.00264 

The channel area is the same (neglecting round-off errors) but a steeper slope is required for the narrower 
channel. 


Repeat Prob. 14.27 if the channel cross section is semicircular. 

f Q=Av 2.1 = [(§)(*d 2 /4)](1.3) d = 2.028 m r = 2.028/2 * 1.014m 

s = {hW[( 1.0)(R m )]} 2 = {(0.020)(1.3)/[(1.0)(2.028/4) 2 ' 3 ]} 2 = 0.00167 

Repeat Prob. 14.27 if the channel cross section is trapezoidal, with depth equal to the width of the channel 
bottom and side slopes of 1:1. 

f Q — Av. Let depth and channel bottom width = B (see Fig. 14-11). Then surface width = 3 B,A = 

(3B)(B) - (2)[G)(B)(B)] = 2B 2 , 2.1 = (2B 2 )(1.3), B = 0.899 m. 

R = Alp w = (2)(0.899) 2 /[0.899 + (2)(0.899) V^] = 0.4696 m 
s = {m>/[(1.0)(B 2 ' 3 )]} 2 = {(0.020)(1.3)/[(1.0)(0.4696) 2/3 ]} 2 = 0.00185 

71 

Fig. 14-11 

For each of the channel cross sections shown in Fig. 14-12, compute the area, wetted perimeter, and hydraulic 
radius. 

I (a) A = j[(jt)( 4.0) 2 /4] = 6.283 m 2 p w = $[(*)(4.0)] = 6.283 m R = A/p w = 6.283/6.283 = 1.000m 
(A) A = (5.0)(2.5) = 12.50 m 2 p w = 2.5 + 5.0 + 2.5 = 10.00 m R = 12.50/10.00= 1.250 m 
(c) A = (5.0)(1.2) + (2)[G)(1.2)(1.2)] = 7.440 m 2 p w = 5.0 + (2)[(1.2)(V2)] = 8.394 m 

R = 7.440/8.394 = 0.886 m 
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Fig. 14-12 


14.32 Water is to flow in a rectangular flume at a rate of 1.42 m 3 /s and at a slope of 0.0028. Determine the dimensions 
of the channel cross section if width must be equal to twice the depth. Use n = 0.017. 

I Q = (A)(1.0/n)(£ 2/3 )(s 1/2 ). Let B = channel width and B/2 = channel depth; 1.42 = 

[(£)(£/2)](1.0/0.017)[(£)(B/2)/(B/2 + £ + £/2)] 2/3 (0.0028) 1 ' 2 , B = 1.366 m. Hence, required channel width = 
1.366 m and depth = 1.366/2, or 0.683 m. 

1433 Rework Prob. 14.32, assuming width must be equal to the depth. Note which solution gives the smaller (and 
therefore more efficient) cross section. 

I Q • (A)(1.0/n)(£ 2 ' 3 )(s l/2 ). Let £ = channel width and depth; 1.42 = [(£)(B)](1.0/0.017)[(B)(£)/(£ + B + 
£)] 2/3 (0.0028) 1/2 , £ = 0.981 m. Hence, required channel width and depth are each 0.981 m. A = (0.981)(0.981) = 
0.962 m 2 . For Prob. 14.32, A = (1.366)(0.683) = 0.933 m 2 . The cross section of Prob. 14.32 has the smaller 
cross-sectional area. 

14.34 A rectangular channel (n = 0.011) 18 m wide is to carry water at a flow rate of 35 cfs. The slope of the channel is 
0.00078. Determine the depth of flow. 

I Q = (A)(l.0/n)(R 2n )(s m ) 35 = (18d)(1.0/0.011)[18d/(18 + 2d)f 3 (0.00078) r/2 

d - 0.885 m (by trial and error) 

14.35 The trapezoidal channel shown in Fig. 14-13 is laid on a slope of 0.00191. The channel must carry 60 cfs. 
Determine the depth of flow. Use n = 0.015. 

f Q = (A)(1.486/n)(£ 2/3 )(s 1/2 ) A = 4.0d + (2)[(d)(d)/2] = 4.04 + d 2 

p w = 4.0 + (2)(dV2) = 4.0 + 2dV2 60 = (4.0d + d 2 )(1.486/0.015)[(4.0d + d 2 )/(4.0 + 2dV2)] 2/3 (0.00191) 1/2 

d — 2.00 ft (by trial and error) 



Fig. 14-13 


14.36 A 36-in-diameter concrete pipe on a 0.0015 slope carries water at a depth of 26 in. Determine the flow rate for 
this pipe. 










f See Fig. 14-14. 

0 = (A)(1.486/n)(R 2 ' 3 )(5 ,/2 ) 
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OE = 26 — t = 8 in or 0.6667 ft ^COE = arccos [8/(f )] = 63.61° 
EC = V[(f )/12] 2 - 0.6667 2 = 1.344 ft 
A = {[360 - (2)(63.61)l/360}[(*)(ft) 2 /4] + (2)[(|)(1.344)(0.6667)] = 5.467 ft 2 
p w = {[360 - (2)(63.61)]/360} [(jr)(f§)] = 6.094 ft 
Q = {5.467)(1.486/0.013)(5.467/6.094) 2/3 (0.0015) 1/2 = 22.5 ft 3 /s 



Fig. 14-14 


14.37 Rework Prob. 14.36 using Fig. A-18. 

f From Fig. A-15, Q tM = 25.8 ft 3 /s; d/d, M = M = 0.722, or 72.2 percent. From Fig. A-18, Q/Q fuU = 87.5 
percent; Q = (0.875)(25.8) = 22.6 ft 3 /s. 

1438 A sewer pipe, for which n — 0.014, is laid on a slope of 0.00018 and is to carry 2.76 m 3 /s when the pipe flows at 
80 percent of full depth. Determine the required diameter of pipe. 

f See Fig. 14-15. 

Q = (A)(1.0/n)(/?“)(s ,/2 ) OE = 0.80 D- D/2 = 0.3000D or = arccos [0.30D/(D/2)] = 53.13° 

CE = (0.3000D)(tan 53.13°) = 0.4000D 

A = {[360 - (2)(53.13)]/360}(jrD 2 /4) + 2[(})(0.3000D)(0.4()00D)] = 0.6736D 2 
p w = {[360 - (2)(53.13)]/360} (jrZ>) = 2.214D 
2.76 = (0.6736D 2 )(1.0/0.014)(0.6736D 2 /2.214D) 2/3 (0.00018) 1/2 D = 2.32 m 



Fig. 14-15 


14.39 Rework Prob. 14.38 using Fig. A-18. 

f D/Dftm = 0.80. From Fig. A-18, Q/Q mi = 0.%, = 0.84, and R/R Ml = 1.21: Q MI = 2.76/0.96 = 

2.88 m 3 /s. Figure A-16 cannot be used for > 1.0 m 3 /s: Q = (A)(1.0/n)(R 2/3 )(5 1/2 ), A = (0.84)(yrD 2 /4) = 

0.6597D 2 , R = (1.21)(D/4) = 0.3025D, 2.76 = (0.6597D 2 )(1.0/0.014)(0.3025D) 2/3 (0.00018) 1/2 , D = 2.34m. 

14.40 A 72-in-diameter vitrified sewer pipe (n = 0.014) is laid on a slope of 0.00025 and carries wastewater at a flow 
rate of 50 cfs. What is the depth of flow? 

I From Fig. A-15, Qhiu = El ft 3 /s: [(QmiL- o.oul/67 = 0,013/0.014, (QfuiiXi-o.oM = 62.2 ft 3 /s; QIQ^m = 

50/62.2 = 0.804, or 80.4 percent. From Fig. A-18, D/D^,, = 69 percent, D = (0.69)(72) = 49.7 in. 
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14.41 A 1.0-m-diameter pipe must carry a discharge of 0.40 m 3 /s at a velocity of 0.80 m/s. Determine the slope and 
the depth of water. 

| A = Qlv = 0.40/0.80 = 0.5000 m 2 A full = (rr)(1.0) 2 /4 = 0.7854 m 2 

•4Mfuu = 0.5000/0.7854 = 0.64 or 64 percent 
From Fig. A-18, D/D M1 = 0.63 and R/R {uU = 1.12. 

D = (0.63)(1.0) = 0.630 m v = (1.0/n)(J? 2/3 )(s 1/2 ) = 1.0/4 = 0.2500 m 

R = (1.12)(0.2500) = 0.2800 m 0.80 = (1.0/0.013)(0.2800) 2/3 (s 1/2 ) s = 0.000590 

14.42 The trapezoidal channel of Fig. 14-16 is to carry 500 cfs of water. The maximum allowable velocity of flow is 
3.0 fps to avoid scouring. Determine the depth of flow, 4, and the width of the channel bottom, B, if the 
hydraulic radius of the channel is one-half the depth of flow. Also, determine the slope of the channel bottom. 
Use n = 0.025. 

f R=d/2 = A/p w A = B4 + 2[G)(1.54)(4)] = B4 + 1.54 2 p„ = B+ l^Jd 2 + (1.5d) 2 = B+ 3.6064 
d/2 = (Bd + 1.5d 2 )/(B + 3.6064) B + 3.6064 = 2B + 3.04 B = 0.6064 A = Q/v 

Bd + 1.54 2 = 500/3.0 

Substituting B = 0.6064, (0.6064)(4) + 1.54 2 = 166.7, 4 = 8.90 ft; B = (0.606)(8.90) = 5.39 ft. 

v = (1.486/n)(fl 2 *)(s l/2 ) R = 8-90/2 = 4.45 ft 3.0 = (1.486/0.025)(4.45) 2/3 (s 1 ' 2 ) s= 0.000348 

r~ 

=r ? 

L_ 

Fig. 14-16 

14.43 An open channel to be made of concrete is to be designed to carry 1.5 m 3 /s at a slope of 0.00085. Find the most 
efficient cross section for a semicircular section. 

f v = (1.0/n)(/? 2/3 )(i 1/2 ) Q/A = (1.0/n)(A/p w ) 2n (s lrl ) 

A M /p™ = Qn/s m = (1.5)(0.013)/0.00085 1/2 = 0.6688 A=nd 2 /8 
p w = nd/2 (jt4 2 /8) 5/3 /(jt4/2) 2/3 = 0.6688 4 = 1.727 m 

(4 is the diameter of the semicircular section; the depth of flow would, of course, be half of 4.) 

14.44 Find the most efficient cross section for Prob. 14.43 for a rectangular section. 

f A 5n lp™ = 0.6688 (from Prob. 14.43). The most efficient rectangular section has a width equal to twice its 
depth. Letting 4 = depth, A = (4)(24) = 2d 2 , p w = 4 + 24 + 4 = 44, (24 2 ) 5/3 /(44) 2/3 = 0.6688, 4 = 0.789m; 
width = 24 = (2)(0.789) = 1.578 m. 

14.45 Find the most efficient cross section for Prob. 14.43 for a triangular section. 

f A^/p™ = 0.6688 (from Prob. 14.43). The most efficient triangular section has a 90° angle and 1:1 side 
slopes (see Fig. 14-7): A = (|)(4\/2)(4V2) = 4 2 , p„ = (2)(4\/2) = 2.8284, (4 2 ) 5,3 /(2.8284) 2/3 = 0.6688, 4 = 

1.115 m; sides = dy/2 = (1.115)(\/2) = 1.577 m. 

14.46 Find the most efficient cross section for Prob. 14.43 for a trapezoidal section. 

f A 5B /p = 0.6688 (from Prob. 14.43). The most efficient trapezoidal section is half a regular hexagon (see 
Fig. 14-8): A = (1.1554)(4) + 2[(4)(4 tan 30°)/2] = 1.7324 2 , p w = (3)(1.1554) = 3.4654, 

(1.7324 2 ) 5,3 /(3.4654) 2/3 = 0.6688, 4 = 0.832 m. Sides and bottom: each = 1.1554 = (1.155)(0.832) =0.961 m. 

14.47 For the conditions given in Prob. 14.32, determine whether the flow is critical, subcritical, or supercritical. 

| v = Q/A = 1.42/[(1.366)(0.683)] = 1.522 m/s N F = v/V&L = 1.522/V(9.807)(0.683) = 0.588 
Since N F < 1.0, the flow is subcritical. 
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A rectangular channel with a width of 3.0 m and an n value of 0.014 is to carry water at a flow rate of 13.4 m 3 /s. 
Determine the critical depth, velocity, and channel slope. 

f d c = l(Q/Bf/g] m = [(13.4/3.0) 2 /9.807] 1/3 = 1.267 m v c = Q/A = 13.4/[(1.267)(3.0)] = 3.525 m/s 

R = A/p w = (1.267)(3.0)/(1.267 + 3.0 + 1.267) = 0.6868 m 
•Sc = {nv c /[(1.0 )(/? 2/3 )]} 2 = {(0.014)(3.525)/[(1.0)(0.6868) 2/3 ]> 2 = 0.00402 

The semicircular channel (n = 0.013) shown in Fig. 14-17 is to carry water while flowing full (i.e., at a depth of 
1.5 ft). Determine the velocity, slope, and discharge when flow is critical. 

I d m = A/B = ^[(jr)(3.0) 2 /4]/3.0 = 1.178 ft v e = Vgd m = V(32.2)(1.178) = 6.159ft/s 

= {nvJ[(l.486)(R vi )]} 2 = {(0.013)(6.159)/[(1.486)(3.0/4) 2/3 ]} 2 = 0.00426 
Q =Av = {|[(jt)(3.0) 2 /4]}(6. 159) = 21.8 ft 3 /s 



Fig. 14-17 

Determine the dimensions of the most economical trapezoidal brick-lined (n = 0.016) channel to carry 200 m 3 /s 
with a slope of 0.0004. 

# The most economical trapezoidal channel has a cross section as shown in Fig. 14-8 and R = d/2 and 
A = V3d 2 ; Q = (A)( 1 . 0 /n)(/? 2 / 3 )( 5 ,/2 ), 200 = (V^d 2 )(1.0/0.016)(d/2) 2/3 (0.0004) 1/2 , d = 6.491 m. Bottom width = 
(1.155)(6.491) = 7.497 m. 

Determine the discharge for a trapezoidal channel with a bottom width of 8 ft and side slopes 1:1. The depth is 
6 ft, and the slope of the bottom is 0.0009. The channel has a finished concrete fining (n = 0.012). 

I A — ( 8 )( 6 ) + ( 2 )[(§)( 6 )( 6 )] = 84.00 ft 2 p w = 8 + (2)[(6)(V2)] = 24.97 ft 

Q = (A)(1.486/n)(R 2/3 )(j 1/2 ) = (84.00)(1.486/0.012)(84.00/24.97) 2/3 (0.0009) 1 ' 2 = 701 ft 3 /s 

What depth is required for 4-m 3 /s flow in a rectangular planed-wood (n = 0.012) channel 2 m wide with a 
bottom slope of 0 . 002 ? 

I 0 = (A)(l.O/n)(,R 2 *)(s I/2 ) 4 = (2d)(l. 0/0.012)[2d/(2 + 2d)] 2 / 3 (0.002 ) 1 ' 2 

d 5/3 /(2 + 2 d ) 2/3 = 0.3381 d = 0.888 m (by trial and error) 



A developer has been required by environmental regulatory authorities to line an open channel to prevent 
erosion. The channel is trapezoidal in cross section and has a slope of 0.0009. The bottom width is 10 ft and side 
slopes are 2:1 (horizontal to vertical). If he uses rubble (y, = 135 lb/ft 3 ) for the lining, what is the minimum 
of the rubble that can be used? The design flow is 1000 cfs. Assume the shear that rubble can withstand is 
described by t = (0.040)(y, - y)(Dso) (lb/ft 2 ), in which y, is the unit weight of rock and D 50 is the average rock 
diameter in feet. 

I A Manning n of 0.03 is appropriate for rubble. 

Q = (A)(1.486/n)(/? 2/3 )(s I/2 ) 

1000 = [(d)(10 + 2d)](l.486/0.03){(d)(10 + 2d)/[10 + (2)(V5)(d)]} 2/3 (0.0009) 1/2 
[(d)(10 + 2d)] 5/3 /[10 + (2)(V5)(d)] 2/3 = 672.9 d = 8.63 ft (by trial and error) r 0 = yRs 
R = 8.63[10 + (2)(8.63)]/[10 + (2)(V5)(8.63)] = 4.841 ft r 0 = (62.4)(4.841)(0.0009) = 0.2719 lb/ft 2 
To find the D x size for incipient movement r = r 0 and 0.2719 = (0.040)(135 - 62A)(D S0 ), D x = 0.0936 ft. 

A metal-lined rectangular sluiceway is to carry 1.0 m 3 /s at a slope of 0.010. Determine the minimum area of 
galvanized iron (n = 0.011) needed per meter of length. Neglect freeboard. 
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f For minimum area, D = 5/2 and 6 = 6/4. 

Q = (/4)(1.0/n)(6 2/3 )(s 1/2 ) 1.0 = [(6)(6/2)](1.0/0.011)(6/4) 2/3 (0.010) 1/2 6 = 0.8015 m 

D = 0.8015/2 = 0.4008 m A mct JL = 0.4008 + 0.8015 + 0.4008 = 1.6 m 2 /m 

The sides of a trapezoidal channel are inclined 63.4° to the vertical; the channel is to carry 18 m 3 /s with a 
bottom slope of 0.0009. Determine the bottom width, depth, and velocity for the best hydraulic section 
(n = 0.026). 

f Q = (A)(1.0/n)(6 2/3 )(s ,/2 ) and m = tan 63.4° = 2.000 

p w = \d\[TVm 2 - 2 md = (4)(4)Vl + (2.000) 2 - (2)(2.000)(4) = 4.9444 = 6 + 2\/5 d 
5 = 0.47194 A= Bd + 2d 2 = (0.47194)(4) + 24 2 = 2.4724 2 
18 = (2.4724 2 )(1.0/0.026)(2.472474.9444) 2/3 (0.0009) 1 ' 2 4 = 2.373 m 

6 = (0.4719)(2.373) = 1.120 m v = Q/A = 18/[(2.472)(2.373) 2 ] = 1.293 m/s 

A semicircular corrugated-metal (n = 0.025) channel must transport 2.4 m 3 /s a distance of 1000 m with a head 
loss of 2 m. Compute the required radius. 

I Q = (A)(1.0/n)(R 2/3 )(5 1/2 ) 2.4 = (jrr72)(1.0/0.025)(r/2f 3 (Tr^) 1/2 r = 1.121m 

Determine the best hydraulic trapezoidal section to convey 86 m 3 /s with a bottom slope of 0.002. The lining is 
finished concrete (« = 0.012). 

I Q = (A)(1.0/n)(6 M )(s 1/2 ) 86 = (A)(1.0/0.012)(A/p H ,) 2/3 (0.002) 1/2 A™lp™ = 23.08 

The best trapezoidal section is half a regular hexagon (see Fig. 14-8) for which A = 1.7324 2 and p„ = 3.4654 
(from Prob. 14.23). (1.7324 2 ) 5/3 /(3.4654) 2/3 = 23.08, 4 = 3.141 m. Sides and bottom: each = 1.1554 = 
(1.155)(3.141) = 3.628 m. 

14.58 Calculate the discharge in steady flow through the channel and floodway of Fig. 14-18; take s = 0.0010 and 
y = 2.438 m. 

f Q = (A)(1.0/n)(6 2/3 )(s 1/2 ) 

A, = (12)(5 + 2.438) + (2)(5 + 2.438)(5 + 2.438)/2 - (2.438)(2.438)/2 = 141.6 m 2 
(p w ) x = V(5 + 2.438) 2 + (5 + 2.438) 2 + 12 + V5 2 + 5 2 = 29.59 m 
Q, = (141.6)(1.0/0.025)(141.6/29.59) 2/3 (0.0010) 1 ' 2 = 508.6 m 3 /s 

A 2 = (120)(2.438) + (2.438)(2.438)/2 = 295.5 m 2 

(p w ) 2 = 120 + V2.438 2 + 2.438 2 = 123.4 m Q 2 = (295.5)(1.0/0.040)(295.5/123.4) 2/3 (0.0010) 1/2 = 418.1 m 3 /s 

Q = Q, + Q 2 = 508.6 + 418.1 = 926.7 m 3 /s 


Fig. 14-18 

14.59 For 25 000 cfs through the section of Fig. 14-18, find the depth of flow in the floodway (i.e., evaluate y) in feet 
when the slope of the energy grade line is 0.0004. 

f Q = (A)(1.0/n)(6 2/3 )(s 1/2 ) A 1 = (12)(5+y) + (2)(5 + y)(5+y)/2-(y)(y)/2 = y72 + 22y+85 

(Pw). = V(5 + y) 2 + (5 +y) 2 + 12 + Vf+7 = (5)(y/2) + 12 + (2y)(^) 

A 2 = 120y + (y)(y)/2 = 120y + y 2 /2 

(p w ) 2 = 120 + y/f+f = 120 + (y)(V2) Q = (25 000)(0.3048) 3 = 707.9 m 3 /s 

707.9 = (y 2 /2 + 22y + 85)(1.0/0.025){(y 2 /2 + 22y + 85)/[(5)(V2) + 12 + (2y)(V2)]} 2/3 (0.0004) 1 ' 2 
+ (120y +y 2 /2)(1.0/0.040){(120y +y 2 /12)/[120 + (y)(V2)]} 2 °(0.0004) 1/2 
y = 2.79 m or 9.15 ft (by trial and error) 



14.55 
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14.57 
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14.60 Find the critical depth for flow at 1.6 m 3 /s per meter of width. 

# yc = ( q 2 /g) m = (1.6 2 /9.807) 1/3 = 0.639 m 

14.61 Compute the critical depth for flow at 0.4 m 3 /s through the cross section of Fig. 14-19. 

I Q 2 77gA 3 = 1 T = (2)(y tan 6072) = 1.155y 

A = (y)(y tan 6072) = 0.5774/ (0.4) 2 (1.155y)/[(9.807)(0.5774y 2 ) 3 ] = 1 y = 0.628 m 


Fig. 14-19 

14.62 Determine the critical depth for flow at 8.49 m 3 /s through a trapezoidal channel with bottom 2.5 m wide and 
with 45° sides. 

I Q 2 TlgA 3 = 1 T = 2.5 + 2y A = By + my 2 = 2.5y + (l)(y) 2 

(8.49) 2 (2.5 + 2y)/[(9.807)(2.5y + y 2 ) 3 ] = 1 y = 0.928 m (by trial and error) 

14.63 Design a transition from a trapezoidal section, 8 ft bottom width and side slopes 1 on 1, depth 4 ft, to a 
rectangular section, 6 ft wide and 6 ft deep, for a flow of 250 cfs. The transition is to be 20 ft long, and the loss is 
one-tenth the difference between velocity heads. Show the bottom profile, and do not make any sudden changes 
in cross-sectional area. 

I At = 8 x 4 + 4 2 = 48 ft 2 , A 2 = 36 ft 2 , loss = 0.1[(vl/2g) - (v\/2 g)], and y, + (v 2 J2g) + z, = y 2 + (t»l/2g) + z 2 + 
loss. Assume a linear change in area, b, and T: b = 8 - 2 (x/L) and T = 16 — 10(x/L). Hence: A = 

0 b + T)(y/2) = 48 - 12(x/L) and y = 2{[4 - (x/L)]/[2 - (x/L)]}. 
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0.749 


4.388 
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The profile is shown in Fig. 14-20. 
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Fig. 14-20 


14.64 In a transition from a rectangular channel (2.5 m wide, 2 m deep) to a trapezoidal channel (bottom width 4 m, 
side slopes 2 on 1, depth 1.3 m) the energy loss is equal to 0.4 times the difference between velocity heads. The 
discharge is 5.8 m 3 /s. Determine the difference between elevations of channel bottoms. 

I 0+ Vi/2g +y, = Az + vl/2g +y 2 + (0.4)(u?/2g - v\!2g) A, = (2.5)(2) = 5.00 m 2 

A 2 = (4)(1.3) + (2) {[(1.3)(2)] (1.3)/2} = 8.580 m 2 u, = Q/A t = 5.8/5.00 = 1.160 m/s 

v 2 = 5.8/8.580 = 0.6760 m/s 

v\/2g = 1.160 2 /[(2)(9.807)] = 0.06860 m v\!2g = 0.6760 2 /[(2)(9.807)] = 0.02330 m 
0 + 0.06860 + 2 = Az + 0.02330 + 1.3 + (0.4)(0.06860 - 0.02330) Az = 0.727 m 

14.65 A dam gate (Fig. 14-21) admits water to a horizontal canal. Considering the pressure distribution hydrostatic at 
section O, compute the depth at O and the discharge per meter of width when y = 1.0 m. 

f d 0 = C c y = (0.85)(1.0) = 0.85 m pjy + v\/2g + z t = p 2 /y + vl/2g + z 2 +h L 

0 + 0 + 6 = 0 + u 2 /[(2)(9.807)] + 0.85 + 0 v, = 10.05 m/s v a = C v v, = (0.95)(10.05) = 9.548 m/s 
Q — Av = [(0.85)(1)](9.548) = 8.12 m 3 /s per meter of width 



14.66 A discharge of 4.5 m 3 /s occurs in a rectangular channel 1.83 m wide with s = 0.002 and n — 0.012. Find the 
normal depth for uniform flow and determine the critical depth. Is the flow subcritical or supercritical? 

I Q = (A)(1.0/n)(ft 2,3 )(s' /2 ) 4.5 = (1.83y„)(1.0/0.012)[1.83y„/(y„ + 1.83+ y„)] 2/3 (0.002) 1/2 

y„ = 1.060 m (by trial and error) 

Q 2 lg = A 2 IB 4.5 2 /9.807 = (1.83y c ) 3 /1.83 y c = 0.851 m 
Since y c <y n , the flow is subcritical. 
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14.67 Determine the rate of a 17-in-deep flow in a 48-in circular corrugated-metal (n = 0.022) pipe on a slope of 0.003. 

I Q = (A)(1.486/n)(R 2/3 )(s 1 ' 2 ) 

Qtuii = [(^r)(fi) 2 /4](1.486/0.022)[(fi)/4] 2 ' 3 (0.003) 1/2 = 46.49 ft 3 /s d/d tM = = 0.35 or 35 percent 

From Fig. A-18, QIQ, uU = 25 percent, Q = (0.25)(46.49) = 11.6 ft 3 /s. 

14.68 At what depth will 9.0 ft 3 /s flow in a 3-ft diameter concrete pipe on a slope of 0.004? 

I Q = (A)(1.486/n)(R 2/3 )(s 1 ' 2 ) Gfuii = [(jr)(3) 2 /4](l. 486/0.013)[3/4] 2 ' 3 (0.004) 1/2 = 42.18 ft 3 /s 

Q/<2fui. = 9.0/42.18 = 0.21 or 21% 

From Fig. A-18, djd iyM = 32%, d = (0.32)(3) = 0.96ft. 

14.69 Find the flow rate in a 400-mm-diameter concrete pipe on a slope of 0.004, if the depth is 85 mm? 

I Q = (A)(1.0/n)(R 2 ' 3 )(s 1/2 ) Q lull = [(jr)(0.400) 2 /4]( 1.0/0.013)[0.400/4] 2/3 (0.004) 1/2 = 0.1317 m 3 /s 

d/d ( uH = 85/400 = 0.21 or 21% 

From Fig. A-18, Q/Q fuU = 10%, Q = (0.10)(0.1317) = 0.0132 m 3 /s. 

14.70 Repeat Prob. 14.68 if the pipe is corrugated metal (n = 0.024). 

I Q = (A)(1.486/n)(R 2/3 )(s ,/2 ) Q iaU = [(*)(3) 2 /4](1.486/0.024)[3/4f 3 (0.004) ,/2 = 22.85 ft 3 /s 

QIQ,m = 9.0/22.85 = 0.39 or 39% 

From Fig. A-18, d/d fuU = 43%, d = (0.43)(3) = 1.29 ft. 

14.71 Find the smallest downslope of 3-ft-diameter cast iron piping (n = 0.015) that will yield an 18 ft 3 /s, 2.4-ft-deep 
flow. 

I d/d, M = 2.4/30.8. From Fig. A-18, Q/Q tuU = 96%, Q tM = 18/0.96 = 18.75 ft 3 /s, Q = (A)(1.486/n)(R 2/3 )(j 1/2 ), 
18.75 = [(■7r)(3) 2 /4](1.486/0.015)[3/4] 2/3 (s) 1/2 , j =0.00105. 

14.72 Find the slope of a 10-ft-wide rectangular channel having n = 0.012 that makes critical flow occur at a depth of 
4.0 ft. 

f Q = VA 3 g/B = V[(4)( 10)] 3 (32.2)/10 = 454.0 ft 3 /s = (A)(1.486/n)(R 2/3 )(s 1/2 ) 

454.0 = [(4)(10)](1.486/0.012)[(4)(10)/(4.0 + 10 + 4.0)f 3 (.v 1 ' 2 ) s = 0.00290 

14.73 Is the flow of Prob. 14.68 subcritical or supercritical? 

f For critical flow, Q 2 /g = A 1 IB. For a 3-ft pipe transporting at a depth of 0.96 ft, B = 2.8 ft and A ~ 1.94 ft 2 . 
Because 9.0 2 /32.2 = 2.5 < 1.94 3 /2.8 = 2.6, the flow is barely subcritical. 

14.74 Water flows steadily at 16.0 ft 3 /s in a triangular sluice with side slopes 1 on 1; the bottom has slope 0.0039. At a 
certain section, the depth of flow is 2.00 ft. Characterize the flow at this section as subcritical or supercritical. 

1 Q 2 lg = A 3 /B. At critical flow, A = (2)[(y c )(y c )/2] = y 2 c , 16.0 2 /32.2 = (y 2 c f/(2y c ), y c = 1.74 ft. Since y c < 

2.00 ft, the flow at this section is subcritical. 

14.75 Water flows at 8.5 m 3 /s in a 3.0-m-wide open channel of rectangular cross section. The bottom slopes up, rising 

2 mm per meter in the direction of flow. If the water depth decreases from 2.10 m to 1.65 m in a 155 m length of 
channel, determine Manning’s n. 
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14.76 
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I z l +y l + v 2 J2g = z 2 + y 2 + vl/2g + h L 

Vl = Q/A t = 8.5/[(2.10)(3.0)] = 1.349 m/s v 2 = 8.5/[(1.65)(3.0)] = 1.717 m/s 
0 + 2.10 + 1.3497[(2)(9.807)] = (0.002)(155) 4- 1.65 + 1.717 2 /[(2)(9.807)] + h L h L = 0.0825 m 
v = (1.0/n)(/? 2/3 )(s 1/2 ) = u av g = (1.349 + 1.717)/2 = 1.533 m/s R = A/p w 
R t = (2.10)(3.0)/(2.10 + 3.0 + 2.10) = 0.8750 m R 2 = (1.65)(3.0)/(1.65 + 3.0 + 1.65) = 0.7857 m 
K»vg = (0.8750 + 0.7857)/2 = 0.8304 m 1.533 = (1.0/n)(0.8304) 2/3 (0.0825/155) 1 ' 2 n = 0.013 

A flow of 1000 ft 3 /s occurs in a long 10-ft-wide rectangular channel of constant bottom slope. The Manning 
equation yields 7.0 ft as the normal depth of flow for this flow rate. Will the depth of flow increase, decrease, or 
remain the same as one proceeds downstream from a point where the depth is 3.0 ft? 

I y c = ( q 2 lgy° = [ W/32.2] ,/3 = 6.77 ft 

which is between 3.0 ft and 7.0 ft. Hence, the depth of flow will increase. 

Determine the cross section of greatest hydraulic efficiency for the trapezoidal channel of Fig. 14-22, if the 
discharge is 10.0 m 3 /s and the channel slope is 0.0005. Use n = 0.020. 

f R = Alp w = (1.5y + x)(y )/{x + (2)[Vy 2 + (1.5y) 2 ]}. For greatest hydraulic efficiency, 

R=y/2. Hence, (1.5y + *)(.y)/[x + (2)Vy 2 + (1.5y) 2 ] =y/2, x = 0.606y. 

Q = (A)(1.0/n)(R 2B )(s la ) A = (1.5y + x)(y) = (1.5y + 0.606y)(y) = 2.106y 2 
10.0 = (2.106y 2 )(1.0/0.020)(y/2) 2/3 (0.0005) 1 ' 2 y = 2.05 m x = (0.606)(2.05) = 1.24 m 



Specify a canal with n = 0.0182 that will carry 500 ft 3 /s of water a distance of 1 mile, if the total drop must not 
exceed 53 ft. 

f Use a trapezoidal channel with side slopes of 1:1, and assume v m , x = 4.0 ft/s. 

= 53/5280 = 0.0100 A min = Q/v max = 500/4.0 = 125.0 ft 2 Q = (A)(1.486/n)(/? 2,3 )(s ,/2 ) 

Try b = 8 ft and y = 8 ft: A = (8)(8 + 8) = 128.0 ft 2 , p w = 8 + (2)(V8 2 + 8 2 ) = 30.63 ft, 500 = 
(128.0)(1.486/0.0182)(128.0/30.63) 2/3 (s) 1/2 , s = 0.000340. Because s <s max this design is acceptable. 


Given an open channel with a parabolic cross section (x = 1.0 m and y = 1.0 m in Fig. 14-23) on a slope of 0.02 
with n - 0.015, find the normal depth and the critical depth for a flow rate of 2.0 m 3 /s. 

# Q = (A)(1.0/n)(/? 2/3 )(s l/2 ). Equation of parabola: x 2 = y. 

A = (2)(§)(xy) = (l)(y 1/2 >’) = 4y 3/2 /3 

Pw = (2x)[l + (§)(y/x) 2 - (l)(y/x) 4 +•••] = {2y™)[\ + 2y/3 - 2y 2 /5 + ■ ■ ■] 

Try y„ = 0.5 m: A = (4)(0.5) 3/2 /3 = 0.4714 m 2 , p w = (2)(0.5) I/2 [1 + (2)(0.5)/3 - (2)(0.5) 2 /5 +•••] = 1.744 m ,Q = 
(0.4714)(1.0/0.015)(0.4714/1.744) 2/3 (0.02) 1/2 = 1.86 m 3 /s. Since this value of Q (1.86 m 3 /s) is slightly less than 
the given value (2.0 m 3 /s), try a slightly higher value of y„, say 0.52 m: A = (4)(0.52) 3/2 /3 = 0.5000 m 2 , 
p w = (2)(0.52) l/2 [l + (2)(0.52)/3 - (2)(0.52) 2 /5 + •••] = 1.786 m, Q = 

(0.5000)(1.0/0.015)(0.5000/1.786) z/3 (0.02) 1/2 = 2.02m 3 /s. An additional iteration (not shown) indicates an 
appropriate value of y„ of 0.518 m. Critical depth occurs when Q 2 /g = A 3 /B: 2.079.807 = (4y 3/2 /3) 3 /[(2)(V>v)], 
y c = 0.766 m. 
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Fig. 14-23 


14JO Consider the frictionless open-channel flow of Fig. 14-24n, in which the water depth y,^ is 2 ft and the volume 

flow rate per unit width Q/w is 5 ft 2 /s. Discuss what happens as the height of the obstacle on the channel floor is 
increased. 

f We first find out whether the flow upstream of the obstacle is subcritical or supercritical by calculating the 
critical depth y c , using y c = [(<2/w) 2 /g] 1/3 = [(5) 2 /32.17] 1/3 = 0.9194 ft. The upstream Froude number F„ is, then, 
F„ = (yjyjf 1 = (0.9194/2) 3/2 = 0.3117. F„ is less than 1, showing that the upstream flow is subcritical. 

Next we calculate the height of an obstacle which results in critical flow. The specific head of the flow 
upstream of the obstacle is H x = (Q/w) 2 /(2gyi) +y„ = (5) 2 /[(2)(32.17)(2) 2 ] + 2 = 2.097 ft. The specific head of 
the flow at the critical point is the minimum specific head for that Q/w: H min = | y c = (§)(0.9194) = 1.379 ft. Then 
the height of an obstacle resulting in critical flow h c is h c = H„- H min = 2.097 - 1.379 = 0.718 ft. 

Let us calculate the surface profile of a flow over an obstacle which is not high enough to cause critical flow, 
say an obstacle 0.5 ft high. Since the flow is subcritical, the water surface must dip or depress over the obstacle 
since dy/dx is opposite in sign to dh/dx. The water surface passes through a minimum depth right over the crest 
of the obstacle. The specific head of the flow over the crest is H crcat = //„ - h CTCSt = 2.097 - 0.5 = 1.597 ft. A 
| dimensionless specific head of H cicst /y c = 1.597/0.9194 = 1.737 corresponds to a dimensionless depth for 

I subcritical flow of y„csJy c = 152. The depth of the flow over the crest is y crcst = (1,52)(0.9194) = 1.4 ft. The 

Froude number of the flow over the crest is F„„, = (yjy crc „y f2 = (1/1.52) 3 ' 2 = 0.534. 

The local surface depth all along the obstacle is calculated in exactly the same way using the local height h(x) 
of the obstacle. Figure 14-24a shows the water surface and Froude-number variation for this flow over a circular 
obstacle. The flow is symmetrical about the crest of the obstacle. Obstacles of the same crest height but different 
shape change the shape of the water-surface depression but not its minimum depth. 

Suppose the height of the crest of the obstacle is increased to precisely h c = 0.718 ft, the height at which 
critical flow occurs. The flow decreases in depth from y„ upstream of the obstacle to y c at the crest with a 
corresponding increase in Froude number from N F = 0.3117 to 1. Downstream of the crest there are two possible 
surface profiles. The first possibility is that the flow remains subcritical and its depth increases from y c back to y„ 
as the Froude number decreases from 1 to N F = 0.3117. This is the limiting case of subcritical flow. The flow is 
symmetrical about the crest. The second possibility is that the flow passes through the critical point and its 
Froude number continues to increase while its depth continues to decrease. The flow becomes supercritical. 
Downstream of the obstacle the flow has a new depth corresponding to the supercritical branch for the same 
specific head as upstream. Although the specific head is the same on either side of the obstacle, there is a 
different distribution between the kinetic and potential energy. Upstream of the obstacle the flow is subcritical, 

- and most of the energy is potential, whereas downstream of the obstacle the flow is supercritical and a larger 

proportion of the energy is kinetic. The transition from subcritical to supercritical flow downstream of the 
critical point depends on whether the conditions downstream are favorable for maintaining supercritical flow. 

Let us calculate the depth downstream of the obstacle for supercritical flow y., sup . The specific head is the 
same as upstream, //„ = 2.097 ft or H/y c = 2.281. y/y c = 0.535 is on the supercritical branch for this value of 
H/y c . The downstream depth is then y„ 8up = 0.535(0.9194) = 0.492 ft. The Froude number there is 
(W)».»up = (yjy-. mp f n = (A , )(l/0.535) 3/2 = 2.56. 

The surface elevation undergoes its largest changes when the Froude number is in the vicinity of 1. At low 
subcritical Froude numbers 1 - N 2 F is nearly 1, and the decrease in surface elevation is about the same as the 
increase in obstacle elevation. As the Froude number in supercritical flow increases, 1 — N 2 F becomes 
increasingly more negative, causing the surface elevation to change less and less with changes in obstacle 
elevation. 

Figure 14-24f> shows the surface profile and Froude-number variation for subcritical and supercritical flow 
downstream of the crest. 

What happens if the obstacle height is increased above h c , the obstacle height which results in critical flow? 
The flow can no longer take place with the same values of y„ and Q/w as before. There must be an adjustment 
l in either y„ or Q/w or both to raise //»to at least the value which results in critical flow at the crest. This is the 

| minimum specific head required to sustain the flow over the obstacle. 


14.81 A large reservoir 5 m deep has a rectangular sluice gate 1 m wide. How does the volume flow rate change as the 
sluice gate is raised (Fig. 14-25)? 
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Fig. 14-24 

f Apply the ideal Bernouilli equation in head form at the water surface and far enough up and downstream of 
the gate for the streamlines to be parallel: ( p m lpg) + (Vl/2g) + y„ = ( p aUa /pg ) + ( V 2 /2g ) + y. In terms of 
specific head = H. This is a constant-specific-head flow. The sluice gate is not an obstacle which changes the 
specific head of the flow; it simply changes the distribution of energy between kinetic and potential. 

Now we examine H„, = (V 2 J2g) + y„. Assume that the reservoir is so large that y„ upstream of the gate 

does not change with changes in sluice-gate opening. Furthermore, V„ is very small. Then, H„ » and is the 
same for all sluice-gate openings. Thus, the outflow has the same specific head regardless of the height of the 
sluice-gate opening. 

The flow rate is then given by Q- wyV2g(y„-y). The critical depth y c changes with the flow rate and 
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consequently with y: y c = [{Qlw) 2 lg] m = [2y 2 (y„ - y)] 1/3 . The corresponding Froude number is N F = (yjy) 3n = 
V2[(yl/y)-l], 

What happens as the sluice gate is raised? F irst, consider a small opening which results in a y of, say, 0.5 m. 
T he flow rate is Q = (l)(0.5)\/2(9.8)(5 — 0.5) = 4.696 m 3 /s and the corresponding Froude number is N F — 
V2[(5/0.5) - 1] = 4.243. The flow is supercritical. 

As the gate is raised further, y increases, causing the Froude number to decrease and the flow rate to 
increase. Finally, at a gate height which gives y = §y„ = (f)(5) = 3.333 m, The Froude number is 1 and the 
maximum flow rate is passed: Q max = wViigyl = (l)VA(9-8)(5) 3 = 19.05 m 3 /s. 

If the gate is raised farther, the flow becomes subcritical, the Froude number passes through 1 and decreases, 
and the flow rate starts to decrease. 



, Fi g . 14.25 

14.82 Reconsider the flow leaving the sluice gate in Prob. 14-81 in which y. = 5m. The flow can be made subcritical by 
placing a step downstream of the gate. Suppose the flow leaving the sluice gate is y 3 = 0.5 m deep. Estimate the 
height of the step h required to cause a subcritical flow y 3 = 2 m deep over the step. 

I The problem is solved by considering the flow in two parts (Fig. 14-26). First, a hydraulic jump occurs in 
front of the step, resulting in subcritical flow and a dissipation of mechanical energy. Then the level of the flow 
coming over the step decreases in a frictionless flow. 

First we calculate the characteristics of the hydraulic jump. From Prob. 13 .2 (N F ) X — 4.243 . The depth ratio 
across the hydraulic jump is calculated from y 2 /y, = f(Vl + S(N F ) 2 — 1) = |[Vl + (8)(4.243) 2 — 1] = 5.521. The 
mechanical-energy dissipation across the hydraulic jump is (fj / ) 1 _ 2 /yi = [(y 2 /yi) - l] 3 /(4y 2 /yi) = (5.521 - 
1) 3 /(4)(5.521) = 4.184, (fy),_ 2 = 2.092 m. The frictionless flow over the step is described by H 2 — H 3 + h. Now, 
h, 2 = h, t - (h f )^ 2 , or H 2 = H l - (Mi- 2 - H 1 = H„ = y„= 5 m. Then H 2 = H 3 - (h f \_ 2 = 5 - 2.092 = 2.908 m, 

H 3 = [(G/w') 2 /2gyf] + y 3 = {(4.696) 2 /[2(9.8)(2) 2 ]} +2 = 2.281 m. Finally, h = H 2 ~H 3 = 2.908 - 2.281 = 0.627m. 



14.83 A long channel with a rectangular cross section and an unfinished concrete surface (n - 0.017) is 35 ft wide and 
has a constant slope of 0.5°. What is the water depth when the channel carries 3500 cfs? Is the channel slope 
mild or steep? 

I Q = (A)(1.486/n)(R 2/3 )(s 1/2 ) 3500 = (35d)(1.486/0.017)[35d/(35 + 2d)f 3 (tan 0.5°) l/2 

d = 4.97 ft (by trial and error) d c = (q 2 lg) m = [( 2 ff 2 ) 2 /32.2] 1/3 = 6.77 ft 
Since d < d c , flow is supercritical and the channel slope is steep. 

14.84 Find the depth for uniform flow in Fig. 14-27 when the flow rate is 225 cfs if s = 0.0006 and n is assumed to be 
0.016. Compute the corresponding value of e. 
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I e = 04)(1.486/n)(R 2/3 )(O A = (y 0 )(W + 2y 0 ) p w = 10 + (2)(V5)(y 0 ) 

225 = [(_y o )(10 + 2>’ 0 )](1.486/0.016) {[(y o )(10 + 2*)]/[10 + (2)(V5)(y o )]} 2/3 (0.0006) ,/2 
y 0 = 3.41 ft (by trial and error) n = 0.093 f m R m 
R = 3.41[10 + (2)(3.41)]/[10 + (2)(V5)(3.41)] = 2.272 ft 0.016 = (0.093)(/ 1,2 )(2.272) 1/6 / = 0.0225 

l/Vf= 2 log (14.8i?/e) 1/V0.0225 = 2 log [(14.8)(2.272)/e] e = 0.0156 ft 



Fig. 14-27 


14.85 In Fig. 14-28, water flows uniformly at a steady rate of 14.0 cfs in a very long triangular flume which has side 
slopes of 1:1. The bottom of this flume is on a slope of 0.006, and n = 0.012. (a) Is the flow subcritical or 
supercritical? (6) Find the relation between v 2 /2g and y c for this channel. 

I (a) Q — (y4)(1.486/«)(f? 2/3 )(j 1/2 ) A = (y)(2y)/2 = y 2 p w = (2)(V2)(y) = 2.828y 
14.0 = (y 2 )(l.486/0.012)(y 2 /2.828y) 2/3 (0.006) ,/2 y = 1.49 ft (by trial and error) 

Q 2 /g = A 2 IB 14.0732.2 = (y?) 3 /2y, y c = 1.65 ft 

Since y <y c , flow is supercritical. 

(b) v 2 Jg = AJB C = y 2 J2y c = yJ2 y 2 J2g = y c /4 

Consequently, we see that the relation between v 2 /2g and y for critical-flow conditions depends on the geometry 
of the flow section. If the vertex angle of the triangle had been different, the relation would have been different. 


Fig. 14-28 

14.86 In Fig. 14-29, uniform flow of water occurs at 27 cfs in a 4-ft-wide rectangular flume at a depth of 2.00 ft. (a) Is 
the flow subcritical or supercritical? ( b ) If a hump of height At = 0.30 ft is placed in the bottom of the flume, 
calculate the water depth on the hump. Neglect head loss in flow over the hump, (c) If the hump height is raised 
to Az = 0.60 ft, what then are the water depths upstream and downstream of the hump? Once again neglect 
head loss over the hump. 

f (a) First find critical depth: y c = {q 2 lg) m = [(t) 2 /32.2] 1/3 = 1.12 ft. Since the normal depth (2.00 ft) is greater 
than the critical depth, the flow is subcritical and the channel slope is mild. 

(6) Find the critical hump height. Write the energy equation between sections 1 and 2, assume critical flow on 
the hump and apply continuity. 

2.00 + (V\l2g) = (Az) crit + 1.12 + (V|/2g) (1) 

V 2 = 27/(4 x 1.12) = 6.03 fps (2) 

= 27/(4 x 2) = 3.38 fps (3) 

Substituging (2) and (3) in ( 1 ) gives (Az) crit = 0.49 ft. Thus the minimum-height hump that will produce critical 
depth on the hump is 0.49 ft. 

Since the actual hump height, A z = 0.30 ft, is less than the critical hump height, 0.49 ft, critical flow does not 
occur on the hump and there is no damming action. 

Let us now find the depth y 2 on the hump: 

Energy: 2.00 + (V 2 /2g) = 0.30 + y 2 + (V 2 2 /2g) (4) 

Continuity: (4 x 2)V) = 4 y 2 V 2 = 27 cfs (5) 
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Eliminating V t and V 2 from Eqs. ( 4 ) and (5) gives three roots for y 2 ; y 2 = 1.60 ft, 0.82 ft, or a negative answer 
that has no physical meaning. Since the hump height is less than (Az)^,, the flow on the hump must be 
subcritical (that is, y 2 > y„). Hence y 2 = 1.60 ft and the drop in the water surface on the hump = 2.00 - (0.30 + 
1.60) = 0.10 ft. 

(c) In this case the hump height Az = 0.60 ft which is greater than the critical hump height. Hence critical 
depth (y c = 1.12 ft) will occur on the hump. Writing the energy equation for this case, we have 



* + (y\n g ) = o.6o + i.i2 - (yi/ig) 

(6) 

From continuity, 

(4 x y,)Vi = 27 cfs 

(7) 

and, for critical flow, 

V\/2g = \y 2 = 0.56 ft 

(«) 


Combining Eqs. (6), (7), and (8) gives y t + [(?) 2 /(2g)y 2 ] = 2.28 from which y, = 2.12 ft, 0.66 ft, or a negative 
answer which has no physical meaning. In this case, damming action occurs and the depth y, upstream of the 
hump, is 2.12 ft. On the hump the depth passes through critical depth of 1.12 ft and just downstream of the 
hump the depth will be 0.66 ft. The depth will then increase in the downstream direction following an Af 2 
water-surface profile until a hydraulic jump occurs to return the depth to the normal uniform flow depth of 
2.00 ft. 



Fig. 14-29 


14.87 For the channel of Prob. 14.84, compute the “open-channel Reynolds number” assuming that water at 50 °F is 
flowing. Refer to Fig. A-5 to verify whether or not the flow is wholly rough. Determine e from Fig. A-5 and 
compare it with the value computed in Prob. 14.84. 

f N r = Rv/v. From Prob. 14.84, Q = 225 cfs, R = 2.272 ft,/ = 0.0225, and A = 3.41[10 + (2)(3.41)] = 57.36 ft 2 ; 
v = Q/A = 225/57.36 = 3.923 ft/s. 

Open channel: N R = (2.272)(3.923)/(1.40 x 10" 5 ) = 6.37 x 10 5 

Equivalent pipe: N R = (4)(6.37 x 10 5 ) = 2.55 x 10 6 

From Fig. A-5 with N R = 2.55 x 10 6 and/ = 0.0225, e/D = 0.0018 and the flow is wholly rough: e = 0.0018D = 
(0.0018)(4R) = 0.0018[(4)(2.272)] = 0.0164 ft. This value of e (0.0164) is close to the value of 0.0156 computed 
in Prob. 14.84. 


14.88 On the assumption that Fig. A-5 applies also to open channels, find the rate of discharge of water at 60 °F in a 
100-in-diameter smooth concrete pipe flowing half full ( R = D/4), if the pipe is laid on a grade of 1.8 ft/mile. 

f e/D = 0.001/(^) = 0.00012. Try turbulent flow with / = 0.0135: 

v = V(8 g/f)(Rs) R = D/4 = (tt)/ 4 = 2.083 ft 5 = ^=0.0003409 

v = V[(8)(32.2)/0.0135][(2.083)(0.0003409)] = 3.681 ft/s 
N r = Dv/v = [(4)(2.083)](3.681)/(1.21 x 10" 5 ) = 2.53 x 10 6 
From Fig. A-5,/ = 0.013. Try/ = 0.013: 

v = V[(8)(32.2)/0.013][(2.083)(0.0003409)] = 3.751 ft/s N R = [(4)(2.083)](3.751)/(1.21 x 10“ 5 ) = 2.58 x 10 6 


/ = 0.013 (O.K.) 


Q = Av = [G)(jt)(^) 2 /4](3.751) = 102 ft 3 /s 
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14.89 For the channel of Prob. 14.84, compute the flow rate for depth 8 ft. 

I Q = CA)(1.486/n)(K 2/3 )(j l/2 ). For y 0 = 8 ft, A = 8[10 + (2)(8)] = 208 ft 2 , p w = 10 + (2)(V5)(8) = 45.78 ft Q 
(208)(1.486/0.016)(208/45.78) 2/3 (0.0006) ,/2 = 1298 ft 3 /s. 

14.90 Figure 14-30 shows a cross section of a canal designed to carry 1590 cfs. The canal is lined with concrete 
(n = 0.014). Find the grade of the canal and the drop in elevation per mile. 

* Q = (A)(1.486/n)(K 2 ' 3 )(s ,/2 ) A = (10.2)(50.6 + 20)/2 = 360.1 ft 2 

= 18.39 + 20 + 18.39 = 56.78 ft 

1590 = (360.1)(1.486/0.014)(360. l/56.78) 2/3 (s) 1 ' 2 5 = 0.000147 

Drop in elevation = (0.000147)(5280) = 0.776 ft/mile 


-50.8 ft 


5^7 10 - 2 -f'•- 


-20 ft 


Fig. 14-30 


14.91 If the flow in the canal of Prob. 14.90 were halved, all other data, including the slope, being the same what 
would be the depth of water? 

I Q = (A)(1.486/n)(K 2 ' 3 )(s 1 ' 2 ) A =y[20 + (2)(1.5)(y) + 20]/2 - 20y + 1.5y 2 

P«. = 20 + (2)[Vy 2 + (1.5y) 2 ] = 20 + 3.606y 
795 = (20y + 1.5y 2 )(1.486/0.014)[(20y + 1.5y 2 )/(20 + 3.606y)] 2/3 (0.000147) 1/2 
y = 7.10 ft (by trial and error) 

14.92 Evaluate e for Prob. 14.90. 

I 1/V7= 2 log (14.8K/e), n = 0.093/ 1/2 R 1/6 . Therefore, 

2 log (14.8K/e) = 0.093 R V6 /n R = 360.1/56.78 = 6.342 ft (from Prob. 14.90) 

2 log [(14.8)(6.342)/e] = (0.093)(6.342) , '70.014 e = 0.00284 ft 

14.93 Find the capacity of the canal of Prob. 14.90, assuming the grade to be 1.5 ft/mile. 

I Q = 04)(1.486/n)(K 2/3 )(j ,/2 ). From Prob. 14.90, A = 360.1 ft 2 , n = 0.014, R = 360.1/56.78 = 6.342 ft Q = 
(360.1)(1.486/0.014)(6.342) 2/3 (l.5/5280) 1/2 = 2207 ft 3 /s. 

14.94 Water flows uniformly in a 2-m-wide rectangular channel at a depth of 0.5 m. The channel slope is 0.0025 and 
n = 0.015. Find the flow rate. 

1 Q=(A)(1.0/n)(R 2l3 )(s 1,2 ) R = (2)(0.5)/(0.5 + 2 + 0.5) = 0.3333 m 

Q = [(2)(0.5)](1.0/0.015)(0.3333) 2/3 (0.0025) ,/2 = 1.60 m 3 /s 

14.95 At what depth will 4 m 3 /s of water flow in a 3-m-wide rectangular channel if n = 0.016 and s = 0.0009. 

I Q = (A)(1.0/n)(R 2/3 )(s m ) 4 = (3d)(1.0/0.016)[3d/(d + 3 + d)] 2/3 (0.0009) 1 ' 2 

d = 1.00 m (by trial and error) 
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14.96 


14.97 

14.98 

14.99 


14.100 

14.101 


The water cross-sectional area in Fig. 14-31 measures 191 ft 2 , and the wetted perimeter is 39.1 ft. If the flow is 
1580 ft 3 /s and n = 0.012, find the slope. 

I Q = (A)(1.486/n)(/? 2/3 )(s ,/2 ) 1580 = (191)(1.486/0.012)(191/39.1) 2/3 (s)’ /2 s = 0.000538 


Cvl 

CO 


U—■12'-4f—*| Fig. 14-31 

Rework Prob. 14.96 for a completely filled conduit. 

I Q = (A)(1.486/«)(R 2/3 )(.s 1/2 ) 1580 = [(^)(16) 2 /4](1.486/0.012)(^) 2/3 (s) 1/2 s = 0.000634 

A 30-in-diameter pipe is known to have a Manning’s n of 0.01800. Calculate Manning’s n for a 96-in-diameter 
pipe that has the same e-value as a 30-in pipe for which n = 0.01800. 

I 1/V7= 2 log (14.8R/e), n = 0.093/ l/2 R ,/6 . Therefore, 2 log (14.8R/e) = 0.093R ,,6 /n. For 30-in pipe: R = 
(29)/ 4 = 0.6250 ft, 2 log [(14.8)(0.6250)/e] = (0.093)(0.6250) ,/6 /0.01800, e = 0.03780 ft. For 96-in pipe: R = 
(f§)/4 = 2.000 ft, 2 log [(14.8)(2.000)/0.03780] = (0.093)(2.000)' ,6 /n, n = 0.01804. 

The dimensions indicated in Fig. 14-32 pertain to a flow of 30 cfs with n = 0.018. Compute the required slope, 
f Q = (A)(1.0/«)(R 2/3 )(s ,/2 ) A = (2.5)(5) + (2.5 - 2)[(25 - 5)/2]/2 = 15.00 ft 2 

p w = 2.5 + 5 + 2 + V(2.5 - 2) 2 + [(25 - 5)/2] 2 = 19.51 ft 
30 = (15.00)(1.0/0.018)(15.00/19.51) 2/3 (s) 1/2 s = 0.00184 




Water flows at 10 ft/s in a rectangular trough 6 ft wide for which n = 0.013. Find the slope needed for a water 
depth of 3 ft. 

I v = (1.486/n)(R 2/3 )(s 1/2 ) 10 = (1.486/0.013)[(6)(3)/(3 + 6 + 3)f 3 (s) ,/2 s= 0.00446 

In Fig. 14-33, area A, is 100 ft by 2 ft, A 2 is 30 ft by 10 ft, and A 3 is 200 ft by 3 ft. Compute the flow rate if 
5 = 0.0018, n, = n 3 = 0.03, and n 2 = 0.020. 

| Q = (A )(1.486 /n )(i? 2/3 )(s m ) 

Q, = [(100)(2)](1.486/0.03)[(100)(2)/(2 + 100)f 3 (0.0018) ,/2 = 658ft 3 /s 
Q 2 = [(30)(10)](1.486/0.02){(30)(10)/[( 10 - 2) + 30 + (10 - 3)]} 2/3 (0.0018) ,/2 = 3350 ft 3 /s 
Q } = [(200)(3)](1.486/0.03)[(200)(3)/(3 + 200)] 2/3 (0.0018)' /2 = 2597 ft 3 /s 
Q = Qx + Gz + Gj = 658 + 3350 + 2597 = 6605 ft 3 /s 
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14.102 In Prob. 14.99 the parameters are changed as follows: a = 3 ft, 6 = 6 ft, 4 = 5 ft, H> = 36ft;n = 0.020. Given the 
slope s = 0.0015, determine the rate of flow. 

I Q = (A)(1.486/n)(/? 2/3 )(s 1/2 ). For depth = 5 tt:A 1 = (6)(5) = 30.0 0ft 2 , A 2 =(5- 3)[(36-6)]/2 = 

30.00 ft 2 , (pj, = 5 + 6 + 3 = 14.00 ft, ( p w ) 2 = V(5 - 3) 2 + [(36 - 6)] 2 = 30.07 ft, Q = 

(30.00)(1.486/0.020)(30.00/14.00) 2/3 (0.0015) 1/2 + (30.00)(1.486/0.020)(30.00/30.07) 2/3 (0.0015) 1 ' 2 = 230ft 3 /s. 

14.103 Determine the depth below the surface of clear water at which the velocity (m) as given by the von Karman 
equation is equal to the mean velocity (u). 

I u = v + (1/K)(Vgy^)[l + 2.3 log (y/y 0 )]. Where u = v,v = v + (1 / K)(y/gy^s)[l + 2.3 log (y/y 0 )], y/y 0 - 
0.367. Hence, the velocity (u) is equal to the mean velocity (u) when y/y (i = 0.367, or at a depth below the 
surface of 1 — 0.367, or 0.633 times the channel depth. 


14.104 Figure 14-34 is the longitudinal section of a very wide channel. The fluid is clear water (K = 0.40). Given 
a = 2.50 ft and n = 0.020, find b. 

I v = v + (l/K’)(Vgy n ^)[l + 2.3 log (y/y,,)]. Working with a 1-ft width of channel, 

v = (1.486/0.020)[(2 + 4 + 3)(l)/l] 2/3 (s) ,/2 s = 0.000009676v 2 u 2 /2g = 2.80 ft 

u„ = V(2)(32.2)(2.50) = 12.69 ft/s u = v + (1/A:)(V^)[1 + 2.3 log (y/y 0 )] 

12.69 = v + (1/0.40)[V(32.2)(2 + 4 + 3)(0.000009676u 2 )][l + 2.3 log (2 + 4)/(2 + 4 + 3)] v = 11.76 ft/s 
u„ = 11.76 + (1/0.40)[V(32.2)(2 + 4 + 3)(0.00000%76)(12.45 2 )]{1 + 2.3 log [2/(4 + 3 + 2)]} = 10.98 ft/s 

b = 10.98 2 /[(2)(32.2)] = 1.87 ft 
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Fig. 14-34 


14.105 Water flows uniformly in a very wide rectangular channel at a depth of 1.5 m (s = 0.006 and n = 0.015). 
Calculate the velocities at two-thirds and at full depth. 

f v = (1.0/«)(/? 2/3 )(s 1/2 ). For a very wide channel, R=y 0 = 1.5 m: v = (1.0/0.015)(1.5) 2/3 (0.006) I/2 = 6.767 m/s, 
« = v + (l//C)(vS>w)[l +2.3 log (y/y„)]. At y = 1.0 m, u = 6.767 + (1/0.40)[V(9.807)(1.5)(0.006)1[1 + 

2.3 log (1.0/1.5)] = 7.21 m/s. At y = 1.5 m, u = 6.767 + (1/0.40)[V(9.807)(1.5)(0.006)][1 + 2.3 log (1.5/1.5)] = 
7.51 m/s. 
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14.106 For a rectangular channel cross section of area 5 m 2 , tabulate hydraulic radius versus width over the range of 
widths from 1 m to 5 m. 

f R = A/p w = A/(w + 2d) = Aw(w 2 + 2/4); see following table. 


w, m 

R, m 

1 

0.455 

2 

0.715 

3 

0.790 

4 

0.769 

5 

0.715 


14.107 Set up a general expression for the wetted perimeter p„ of a trapezoidal channel in terms of the cross-sectional 
area A, depth y, and angle of side slope 0. Then differentiate p w with respect to y with A and <f> held constant. 
From this, prove that R =y/2 for the section of greatest hydraulic efficiency (i.e., smallest p w for a given A). 

f Let B = bottom width. 

A = By + (y)(y tan <p) = By + y 2 tan 0 B - A/y -y tan 0 

p w = B + 2y sec 0 = A/y - y tan 0+2 y sec 0 

dp„/dy = —A/y 2 - tan 0 + 2 sec 0 = — (By + y 2 tan 0)/y 2 — tan 0 + 2 sec <p 

Setting dpjdy = 0, {By + y 2 tan <p)/y 2 = 2 sec 0 - tan 0, B = 2y sec 0 - 2y tan 0 = (2y)(sec 0 - tan 0). 

^ A By + y 2 tan 0 (2y)(sec 0 - tan 0)(y) + y 2 tan 0 y 
p w B + 2y sec 0 (2y)(sec 0 - tan 0) + 2y sec 0 2 

14.108 Prove that the most efficient triangular section is the one with a 90° vertex angle, 
f See Fig. 14-35. 

A = a 2 sin 0 cos 0 p„ = 2a R = A/p„ 

R = (a 2 sin 0 cos 0)/2 a = (a/2)(sin 0 cos 0) dR/d<p = (a/2)(cos 2 0 - sin 2 0) = 0 

Hence, cos 0 = sin 0; or 0 = 45° and the vertex angle = (2)(45), or 90°. 



Fig. 14-35 


14.109 A canal cut in smooth earth (n = 0.03123) must transport 9.0 m 3 /s of water at a depth of at most 1.5 m (see 
Fig. 14-36). If the side slopes are 2 :1 and the channel slope is 0.0004, what must be the width at the bottom? 
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Q = (v4)(1.0/n)(/? 2/3 )(i l/2 ) A = 1.5[b + b + (2)(1.5) + (2)(1.5)]/2 =1.5 b+ 4.5 
p w = b + (2)Vl.5 2 +[(2)(1.5)] 2 = b + 6.708 
9.0 = (1.5Z> + 4.5)(1.0/0.03123)[( 1.56 + 4.5)/(6 + 6.708)] 2/3 (0.0004) 1 ' 2 
b = 6.00 m (by trial and error) 



14.110 Refer to Fig. 14-36. If the discharge in the canal ( n = 0.03123) is to be 6 m 3 /s at a depth of 1.5 m and if the 
velocity is not to exceed 1.0 m/s, what must be the width at the bottom and the slope? 

I A = Q/v = 6/(1.0) = 6.00 m 2 (6)(1.5) + (2)[(2)(1.5)(1.5)]/2 = 6.00 b = 1.0 m 

v = (1.0/rt)(R 2/3 )(s 1/2 ) p w = 1.00 + (2)Vl.5 2 + [(2)(1.5)] 2 = 7.708 m 

gj = (1.0/0.03123)(6.00/7.708) 2/3 (s) 1,2 * = 0.001362 


14.111 A rectangular flume of smooth wood (n = 0.012) slopes 1 ft per 1000 ft. (a) Compute the rate of discharge if the 
width is 4 ft and the depth of water is 2 ft. (6) What would be the rate of discharge if the width were 2 ft and the 
depth of water 4 ft? (c) Which of the two forms would have the greater capacity and which would require less 
lumber? 

1 Q - (A)(1.486/a)(R 2/3 )(i 1/2 ) 

(«) Q = t(4)(2)](l.468/0.012)[(4)(2)/(2 + 4 + 2)] 2/3 ( 1 4) ,/2 = 31.3 ft 3 /s 

(A) Q = [(4)(2)](1.468/0.012)[(4)(2)/(4 + 2 + 4)] 2/3 ( T £ s ) 1 ' 2 = 27.0 ft 3 /s 

(c) Lumber ratio = (2 + 4 + 2)/(4 + 2 + 4) = 0.80 Flow ratio = 31.3/27.0 = 1.16 

Hence, the first design provides 16 percent more flow capacity while requiring only 80 percent as much lumber. 

14.112 What diameter of semicircular channel will provide the same capacity as a rectangular channel of width 6 m and 
depth 3 m? Assume s and n are the same for both channels. 

f Q = (A)(lAS6/n)(R m )(s m ). Since Q s = Q r and (1.486/n)(s 1 ' 2 ) is constant, A,R™ = A r R™. 

[(}id 2 /4)/2](d/4) 2J3 = [(6)(3)][(6)(3)/(3 + 6 + 3)f 3 d = 6.57 m 

14.113 Consider steady flow of water in a circular concrete pipe (n = 0.016) of diameter 10 ft at a depth of 4 ft. Using 
Fig. A-18, determine the flow rate and the average velocity of flow (s = 0.0004). 

f Q = (A)(1.486/n)(R 2/3 )(i 1/2 ) Q fu[l = [(jr)(10)74](1.486/0.016)(f ) 2/3 (0.0004) ,/2 = 269 ft 3 /s 

ffuii = GfuiiMtuii = 269/[(rr)(10) 2 /4] = 3.43 ft/s d/d iM = = 0.40 or 40 percent 

From Fig. A-18, QIQ fM = 32 percent and v/v (aU = 88 percent: Q = (0.32)(269) = 86.1 ft 3 /s, t; = (0.88)(3.43) = 

3.02 ft/s. 

14.114 At what depth will water flow at 0.25 m 3 /s in a 1.0-m-diameter concrete pipe (n = 0.012) on a slope of 0.0004? 

f Q = (A)(1.0/n)(R 2/3 )(s 1/2 ) 

Qfu« = [(rr)(1.0) 2 /4](1.0/0.012)[1.0/4] 2/3 (0.0004) la = 0.519 m 3 /s 
Q/Qfun = 0.25/0.519 = 0.48, or 48 percent. From Fig. A-18, d/d {ull = 51 percent: d = (0.51)(1.0) = 0.51 m. 
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14.115 Evaluate the friction factor/for laminar flow in terms of the Reynolds number, and compare with the equation 
for pipe flow. (Note: Recall that for a wide channel the hydraulic radius is approximately equal to the depth.) 

I N R = (4R)(v)/v = 4y 0 v/v q = (g/v)(yl/3)(s) v = Q/A = q/y 0 =gsyl/3v=[(8g/f)(R)(s)] in 

Therefore, [(8g//)(/?)(s)] = vgsyl/3v. With R=y 0 ,f = 24 v/y 0 v = 96v/4y 0 t> = 96 /N R . This compares with 
/ = 64/N r for pipe flow. 

14.116 A viscous fluid (v = 0.0015 ft 2 /s) flows down a flat plate 10 ft wide. Find the maximum rate of discharge for 
laminar flow, assuming a critical Reynolds number of 500. 

I N r = Rv/v = y 0 q /vy 0 = q /v q = (500)(0.0015) = 0.7500 ft 3 /s per ft Q = (10)(0.7500) = 7.50 ft 3 /s 

14.117 At what rate will water at 60 °F flow in a wide rectangular channel on a slope of 0.00018 if the depth is 0.01 ft? 

f Assuming laminar flow, q = (g/v)(yl/3)(s) = [32.2/(1.21 x 10 _5 )](0.01 3 /3)(0.00018) = 1.60 x 10 4 ft 3 /s/ft, 
N r = Rv/v = y 0 v/v = (y 0 )(q/y 0 )/v = q/v = 1.60 x 10 -4 /(1.21 x 10 -5 ) = 13. Since N R < 500, the assumption of 
laminar flow is justified. 


14.118 At what rate will water at 15 °C flow in a wide, smooth, rectangular channel on a slope of 0.0002, if the depth is 
8.0 mm? 

I Assuming laminar flow, q = (g/v)(yl/3)(s) = [9.807/(1.16 X 10~ 6 )][(0.008) 3 /3](0.0002) = 2.89 x 10~ 4 
(m 3 /s)/m. Checking the assumption: N R = Rv/v = y 0 v/v = (y a )(qly n )/v = q/v = 2.89 x 10 _4 /(1.16x 10 6 ) = 

249 (laminar). 

14.119 Water flows with a velocity of 4 fps and at a depth of 2 ft in a wide rectangular channel. Is the flow subcritical or 
supercritical? Find the alternate depth for the same discharge and specific energy. 

I t> 2 /2g = 47[(2)(32.2)] = 0.2484 ft y/2 = § = 1.000 ft 

Since 0.2484 < 1.000, the flow is subcritical. 

E = y + (1/2 g)(q 2 /y 2 ) = 2 + 0.2484 = 2.2484 ft q = (4)(2) = 8.000 (ft 2 /s)/ft 

2.2484 = y + {1 /[(2)(32.2)]>(8.00 2 /y 2 ) 2.2484y 2 -y 3 - 0.9938 = 0 

Sin ce y = 2 is one known solutio n, divide by (y - 2) to yield y 2 — 0.2484y - 0.4968 = 0, y = [—(—0.2484) ± 

V(—0.2484) 2 - (4)(1)(—0.4968)]/[(2)(l)] = 0.840 ft. 

14.120 Water flows down a wide rectangular channel of concrete (n = 0.014) laid on a slope of 2.4 mm/m. Find the 
depth and rate of flow for critical conditions. 

I u = (1.0/n)(R 2/3 )(s ,/2 ) u f = Vgy, V(9.807)(y c ) = (1.0/0.014)(y c ) 2/3 (0.0024) 1/2 

y c = 0.514m q =y c v c = (y c )(Vgy c ) = (0.514)[ V(9.807)(0.514)] = 1.15 (m 3 /s)/m 

14.121 Water flows at 15 ft/s in a rectangular channel at a depth of 2 ft. Find the critical depth for («) this specific 
energy, (6) this rate of discharge. 

I (a) E=y + v 2 /2g = 2+ 15 z /[(2)(32.2)] = 5.494ft y c = (|)(E) = (§)(5.494) = 3.66ft 
(6) q =yv = (2)(15) = 30.00 ft 3 /s/ft y c = (q 2 /g) v3 = (30.00732.2) 1 ' 3 = 3.03 ft 

14.122 A flow of 120 ft 3 /s is carried in a rectangular channel 10 ft wide at a depth of 1.5 ft, the channel is made of 
smooth concrete (n = 0.013). Find (a) the necessary slope, (6) the roughness coefficient needed to produce 
uniform critical flow for the given rate of discharge on this slope. 
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I (a) Q = (A)(1.486/n)(K 2/3 )(j 1/2 ) 120 = [(1.5)(10)](1.486/0.013)[(1.5)(10)/(1.5 + 10+ 1.5)] 2/3 (j) ,/2 

s = 0.00405 

( b) y c = (q 2 lg) 113 y c = [(if ) 2 /32.2] i/3 = 1.648 ft 

v c = Vgy c = V(32.2)(1.648) = 7.285 ft/s 

7.285 = (1.486/n)[(1.648)(10)/(1.648 + 10 + 1.648)] 2,3 (0.00405) 1 ' 2 n = 0.0150 

14.123 A rectangular channel 4 m wide shows a wavy surface at depth 2.5 m. Estimate the rate of discharge. 

f The wavy surface indicates a near-critical depth; hence j» t «2.5m. q max — Vgyl = V(9.807)(2.5) 3 = 

12.38 nf7s/m, Q = (4)(12.38) = 49.5 m 3 /s. 

14.124 Probing for oil, geologists drive a small pipe vertically down into the bed of a fast-running stream. The upstream 
“wake” of the pipe has a spread 6 = 120°. Estimate the stream velocity. 

f sin (0/2) = c/v c = Vgy = V(32.2)(2) = 8.025 ft/s sin 60° = 8.025/u v = 9.3 ft/s 

14.125 A speedboat in shallow water lifts a 1-ft wave (height above undisturbed surface), which travels at 9 mph. Find 
the approximate depth of the water. 

I c = V(g)(y + Ay)[(y + Ay/2)/y] = (9)(5280)/3600 = 13.2 ft/s 13.2 = V(32.2)(y + 1 )[(y + \)ly) 
174.2 = 32.2y + 48.30 + 16.1/y 32.2y 2 - 125.9y + 16.1 = 0 

The larger root is 

y = [-(-125.9) + V(—125.9) 2 - (4)(32.2)(16.1)]/[(2)(32.2)] = 3.78 ft 

14.126 A rectangular channel 10 ft wide carries a flow of 180 cfs. Find the critical depth and critical velocity for this 
flow. 

f y c = ( 9 2 /g) 1/3 = [( J ®) 2 /32.2] 1/3 = 2.16ft v c = = V(32.2)(2.16) = 8.34 ft/s 

14.127 Water flows at 600 ft 3 /min in a isosceles right-triangular flume for which n = 0.012. Find the critical depth and 
critical slope. 

f Q z /g = A 3 /B. If y = depth, A =y 2 and B =2 y. 

(600/60)732.2 = (y 2 ) 3 /2y y = y c = 1.44 ft Q = (A)(1.486/n)(/? 2/3 )(s 1/2 ) 

R = A/p w = 1.44 2 /[(2)(V1.44 2 + 1.44 2 )] = 0.5091 ft 10 = (1.44 2 )(1.486/0.012)(0.5091) 2/3 (s) 1 ' 2 

s=s c = 0.00373 

14.128 A trapezoidal canal with side slopes of 2:1 has a bottom width of 4 m and carries a flow of 23 m 3 /s. Calculate 
the critical depth. 

^ Q 2 /g - A 3 IB. If y = depth, A =4y + 2y 2 and B = 4 + 4y. 

23 2 /9.807 = (4y + 2y 2 ) 3 /(4 + 4y) y = y c = 1.22 m (by trial and error) 

14.129 Find the specific energy at depth 3 ft for flow of 100 ft 3 /s through a 10-ft-diameter tunnel, 
f E =y + v 2 /2g. For y = 3ft: 

yhiM- to =0.30 or 30 percent From Fig. A-18 A/A fu „ = 25 percent A = [(jt)( 10) 2 /4}(0.25) = 19.6 ft 2 

E = 3 + 5.10 2 /[(2)(32.2)] = 3.40 ft 


v = Q/A = 100/19.6 = 5.10 ft/s 
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f' 

[ 14.130 A circular conduit flowing half full carries 500 ft 3 /s at velocity 10 ft 3 /s. If n = 0.13, will the flow be subcritical or 

f supercritical? 

l 

I I A = Q/v = (nd 2 /A,)/2 = (jrd 2 /4)/2 d= 11.28 ft 

| A = [(jt)( 11.28) 2 /4]/2 = 49.97 ft 2 N F = v/Vgy = t>/V(g)(A/B) = 10/V(32.2)(49.97/11.28) = 0.837 

Since N F < 1.0, the flow is subcritical. 


14.131 Figure 14-37 describes the cross section of an open channel for which s 0 = 0.02 and n = 0.015. The sketch is 

drawn to the scale shown. When the flow rate is 100 cfs, find (a) the depth for uniform flow and (6) the critical 
depth. 

f The cross-sectional area is found by planimetry and the wetted perimeter by use of dividers. 


Jo, ft 

A, ft 

Pwy ft 

R, ft 

Q = (A)(1.486//t)(f? 2/3 )(s 1/2 ), cfs 

1 

1.30 

3.29 

0.395 

10 

2 

4.90 

6.12 

0.801 

59 

3 

10.48 

8.96 

1.170 

163 


A plot of Q versus y 0 (not shown) indicates that y Q = 2.50 ft for Q = 100 cfs. 


( 6 ) 




A plot of Q versus y c (not shown) indicates that y c = 3.35 ft for Q = 100 cfs. 

14.132 Refer to Fig. 14-37 and replace feet dimensions with meters. Let the slope be 0.007 with n = 0.015. When the 
flow rate is 50 m 3 /s, find (a) the depth for uniform flow and (b) the critical depth. 


y ft x L ft x R ft 

0 0 0 

1 1.5 1.1 

2 2.6 2.0 

3 3.25 3.3 

4 3.6 5.5 

5 3.85 8.2 


f The cross-sectional area is found by planimetry and the wetted perimeter by use of dividers. 



Jo ft 

A, ft 2 

fl(*£+X R ),ft 

Q — (gA 3 /B) m , cfe 

1 

1.30 

2.60 

5 

2 

4.90 

4.60 

29 

3 

10.48 

6.55 

75 

4 

18.30 

9.10 

147 


Jo,tn 

A, m 2 

p„, m 

R, m 

Q = (A)(1.0/n)(/f 2/3 )(s 1/2 ), m 3 /s 

1 

1.30 

3.29 

0.395 

4 

2 

4.90 

6.12 

0.801 

24 

3 

10.48 

8.96 

1.170 

65 
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A plot of Q versus y„ (not shown) indicates that y 0 = 2.70 m for Q = 50 m 3 /s. 



A, m 2 

B(x L +x R ),m 

Q = (gA 3 /B) m , m 3 /s 

1 

1.30 

2.60 

3 

2 

4.90 

4.60 

16 

3 

10.48 

6.55 

42 

4 

18.30 

9.10 

81 


A plot of Q versus y c (not shown) indicates that y c = 3.25 m for Q = 50 m 3 /s. 


14.133 A rectangular channel 2 m wide carries 2.2 m 3 /s of water in subcritical uniform flow at a depth of 1.0 m. What is 
the lowest transverse hump in the bottom such that y c is attained at the peak? 

I (Az), = £ 0 -E min E=y + v 2 /2g v = Q/A = 2.2/[(2)(1.0)] = 1.10 m/s 

£„ = 1.0 + 1.10 2 /[(2)(9.807)] = 1.0617 m 
E min = (§)(y c ) y, = (q 2 /g) 1 ' 3 = [(¥) 2 /9.807]‘ /3 = 0.4978 m 
E min = (1X0.4978) = 0.7467 m (Az) c = 1.0617 - 0.7467 = 0.315 m 

14.134 Rework Prob. 14.86 (y 0 = 2.0 ft) for the case where the flow rate is 50cfs. 

I ( a ) ? = G/B = f = 12.50 (ft 3 /s)/ft y c = (q 2 /g)' 3 — (12.50 2 /32.2) 1/3 = 1.693 ft 

Since y„ > y c , the flow is subcritical (and slope is mild). 

(6) Install hump with Az = 0.30 ft. First find critical hump height: 

E = y + (\g){q 2 ly 2 ) E 0 = 2.00 + (1/[(2)(32.2)]}(12.50 2 /2.00 2 ) = 2.607 ft 
£™n = (§)(X:) = (1X1-693) = 2.540 ft E 0 = Az cri , + E mi „ 2.607 = Az^, + 2.540 Az^, = 0.067 ft 

Since Az > Azcnt, y c occurs on the hump and damming action occurs. Hence, water depth on 
hump = 1.693 ft. 

(c) Increase hump height to 0.60 ft. Still, Az > Az^,, so y c occurs on the hump. Let y = upstream or 
downstream depth, with specific energy E. 

E = Az + E mi „ =y + (1/2 g)(q 2 /y 2 ) A z + E min = y + (1/2 g)(q 2 /y 2 ) 

0.60 + 2.540 = y + {l/[(2)(32.2)]}(12.507y 2 ) y = 2.84 ft or 1.09 ft (by trial and error) 

This hump causes damming action, and the depths just upstream and downstream of the hump are 
2.84ft (subcritical) and 1.09 ft (supercritical), respectively. 


14.135 A flow of 2.0 m 3 /s is carried in a rectangular channel 1.8 m wide at a depth of 1.0 m. Will critical depth occur at 
a section where («) a frictionless hump 15 cm high is installed across the bed? ( b ) a frictionless sidewall 
reduces the channel width to 1.3 m? (c) the hump and the sidewall constriction are installed together? 

I (a) Az crit = £ 0 -£ min E = y + (l/2g)(q 2 /y 2 ) q = 2.0/1.8 = 1.111 (m 3 /s)/m 

£„= 1.0+ {1/[(2)(9.807)]}(1.1U 2 /1.0 2 ) = 1.063 m £ mi „ = (!)(y f ) yc = (<?7g) 1/3 

y c = (1.11179.807)*' 3 = 0.5011 m E mi „ = (i)(0.5011) = 0.7517 m 
Az crit = 1.063 - 0.7517 = 0.3113 m 

Since Az = 0.15 < 0.3113 = Az crit , y c does not occur at the hump. 
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( b ) q =2.0/1.3 = 1.538 m y c = (1.538 2 /9.807) ,/3 = 0.6225 m £ min = (|)(0.6225) = 0.9338 m 

Since £ min = 0.9338 < 1.063 = £„, y c does not occur at the constriction. 

(c) Az criI = £ 0 — E mi „. With constriction, E mi „ = 0.9338 m; hence, Az crjt = 1.063 — 0.9338 = 0.1292 m. Since 
Az = 0.15 > 0.1292 = Az crit , y c does occur at the hump with constriction. 

14.136 Rework Prob. 14.86 (y 0 = 2.0 ft) for the case where the flow rate is 16 cfs. 

f (a) q = QIB = 'i = 4.000 ft 2 /s/ft y c = (q 2 /g) m = (4.000 2 /32.2) 1/3 = 0.7921 ft 

Since y 0 >y c , the flow is subcritical (and slope is mild). 

(6) Install hump with Az = 0.30 ft. First find critical hump height. 

E = y + (\g)(q 2 /y 2 ) E 0 = 2.00 + {1/[(2)(32.2)]}(4.000 2 /2.00 2 ) = 2.062 ft 
E mi „ = (§)(*) = (1X0.7921) = 1.188 ft E 0 = Az„ it + £ mjn 2.062 = Az crit + 1.188 Az crit = 0.874 ft 

Since Az < Az crit , y c does not occur on the hump and damming action does not result. 

E h = E 0 — Az E =y + (l/2g)(q 2 /y 2 ) = y h + {l/[(2)(32.2)]}(4.000 2 /_y*) 
y* + {1/[(2)(32.2)]}(4.000 2 /y 2 ) = 2.062 - 0.30 

By trial and error, y h = 1.67 ft (subcritical) and 0.432 ft (supercritical). The flow does not pass through 
y c , so it cannot become supercritical. Therefore, the water depth on the 0.30-ft hump is 1.67 ft. 

(c) Increase hump height to 0.60 ft. Still, Az < Az crit , so y c does not occur on the hump and damming action 
does not result. y h + {l/[(2)(32.2)]}(4.000 2 />*) = 2.062 - 0.60. By trial and error y h = 1.32 ft (subcritical) 
and 0.511 ft (supercritical). The flow does not pass through y c , so it cannot become supercritical. 
Therefore, the water depth on the 0.60-ft hump is 1.32 ft. 

14.137 A 4-ft-wide rectangular ditch carries 40 ft 3 /s of water at a depth of 2.80 ft. A man standing in the middle of the 
ditch presents a 1-ft width to the stream. Find the local change in the water-surface elevation. 

I v„ = Q/A = 40/[(2.80)(4)] = 3.571 ft/s. At the man. 

v = 40/[(4 - l)(y)] = 13.33 ly £ = y + v 2 Hg =y + (13.33/y) 2 /[(2)(32.2)] = y + 2.759/y 2 

E 0 = 2.80 + 3.571 2 /[(2)(32.2)] = 2.998 ft y + 2.759/y 2 = 2.998 

By trial and error, y = 2.59 ft or 1.26 ft. Since locally supercritical conditions are impossible, y = 2.59 ft. Change 
in water depth = 2.80 — 2.59 = 0.21 ft drop. 

14.138 A rectangular channel 10 ft wide carries 20 ft 3 /s in uniform flow at depth 1.0 ft. Find the local change in 
water-surface elevation caused by an obstruction 0.20 ft high on the floor of the channel. 

f y, = ( q 2 /g) m = [(fo) 2 /32.2] l/1 = 0.499 ft. Since y c < 1.0 ft, the flow is subcritical. 

E = y + v 2 /2g v = Q/A = 20/[(1.0)(10)] = 2.000 ft/s £, = 1.0 + 2.000 2 /[(2)(32.2)] = 1.062 ft 
E 2 = £, - Az = 1.062 - 0.20 = 0.862 ft £ = y + (1/2 g){q 2 /y 2 ) 

E 2 = y 2 + (l/[(2)(32.2)]}[(fS) 2 /y 2 )] 0.862 =y 2 + 0.06211/y! y 2 = 0.752ft (by trial and error) 

Change in water-surface elevation = 1.00 — (0.20 + 0.752) = 0.048 ft (drop). 

14.139 Rework Prob. 14.138 for a flow at depth 0.31 ft. 

f Since y c = 0.499 ft > 0.31 ft, the flow is supercritical. 

£ =y + v 2 /2g v = Q/A = 20/[(0.31)(10)] = 6.452 ft/s £, = 0.31 + 6.452 2 /[(2)(32.2)] = 0.9564 ft 
£ 2 = £, - Az = 0.9564 - 0.20 = 0.7564 ft £ = y + (1/2 g)(q 2 /y 2 ) E 2 = y 2 + {l/[(2)(32.2)]}[(f§) 2 /yf)] 

0.7564 = y 2 + 0.06211/y 1 y 2 = 0.45 ft (by trial and error) 

Change in water-surface elevation = (0.20 + 0.45) - 0.31 = 0.34 ft (rise). 
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14.140 Repeat Prob. 14.137 for flow depth 0.90 ft. 

I E = y + v 2 /2g v 0 — Q/A = 40/[(4)(0.90)] = 11.11 ft/s E 0 = 0.90 + 11. ll 2 /[(2)(32.2)] = 2.817ft 
As in Prob. 14.137, v = 13.33 ly. 

E = y + (13.33/y)7[(2)(32.2)] = y + 2.759 ly 2 2.817 = y + 2.759 /y 2 

y = 1.39 ft (by trial and error) 

Change in water-surface elevation = 1.39 — 0.90 — 0.49 ft (rise). 

14.141 If 1.4 m 3 /s of water flows uniformly in a channel of width 1.8 m at a depth of 0.75 m, what is the change in 
water-surface elevation at a section contracted to a 1.2 m width with a 6-cm depression in the bottom? 

I )fe = (q 2 /g) 1B (y c ) 2 = [(1.4/1.2)79.807] 1/3 = 0.5177 m £ 2 = £, + Az E=y + v 2 /2g 

v 1 = Q/A = 1.4/[(0.75)(1.8)] = 1.037 m/s E 1 = 0.75 + 1.037 2 /[(2)(9.807)] = 0.8048 m 

u 2 =1.4/(1.2y 2 ) = 1.167/y 2 

E 2 = y 2 + (1.167/y 2 ) 2 /[(2)(9.807)] = y 2 + 0.06943/y | y 2 + 0.06943/y 2 = 0.8048 + & 

y 2 = 0.737 m (subcritical) or 0.377 m (supercritical) (by trial and error). y 2 cannot be less than (y c ) 2 \ hence, 
y 2 = 0.737 m. Change in water-surface elevation = 0.75 - (0.737 - igg) = 0.073 m (drop). 

14.142 A finished-concrete channel 8 ft wide has a slope of 0.5° and a water depth of 4 ft. Predict the uniform flow rate 
by (a) Manning’s formula with n = 0.012 and ( b ) the friction-factor analysis with e = 0.0032 ft. 

I (a) R = A/p w = (8)(4)/(4 + 8 + 4) = 2.000 ft 

Q = (A)(1.486/n)(/? 2/3 )(s 1/2 ) = [(8)(4)](1.486/0.012)(2.000) 2/3 (tan 0.5°) 1/2 = 588 ft 3 /s 
(b) C = (8g//) 1/2 1// 1/2 = 2.0 log (3.7D h /e) D h = 4R = (4) (2.000) = 8.000 ft 

1 /f m = (2.0)log [(3.7)(8.000)/(0.0032)] f = 0.01589 C = [(8)(32.2)/0.01589] 1/2 = 127.3 

Q = CA(Rs) m = (127.3)[(4)(8)][(2.000)(tan 0.5°)] 1/2 = 538 ft 3 /s 

14.143 The asphalt-lined trapezoidal channel in Fig. 14-38 carries 300 cfs of water under uniform flow conditions when 
s = 0.0015. What is the normal depth? Use n = 0.016. 

I Q = (A)(1.486/m)(R 2/3 )(s 1/2 ) A = (|)(6 + b 0 )(y n ) = 6y n + y 2 cot 50° p w = 6 + 2y a esc 50° 

300 = (6 y n + yl cot 50°)(1.486/0.016) [(6y„ + y 2 cot 50°)/(6 + 2y„ esc 50°)] 2/3 (0.0015) 1/2 
y„ - 4.58 ft (by trial and error) 


Fig. 14-38 

14.144 What are the best dimensions for a rectangular brick ( n = 0.015) channel designed to carry 5 m 3 /s of water in 
uniform flow with s = 0.001? 

f The best dimensions are for width (b) equal to twice the depth (y): Q = (A)(1.0/n)(/J 2/3 )(s 1/2 ), 

5 = [(y)(2y)](1.0/0.015)[(y)(2y)/(y + 2y +y)f 3 (0.001) 1/2 , y = 1.268 m, b = (2)(1.268) = 2.536 m. 

14.145 A wide rectangular dean-earth channel (n = 0.022) has a flow rate q of 50 cfs/ft (a) What is the critical depth? 
( 6 ) What type of flow exists if y = 3 ft? (c) What is the critical slope? 

I (a) y c = (q 2 /g) m = (50 2 /32.2) lfl = 4.27 ft 

( b ) For y <y c , the flow will be supercritical. 

(c) s c =gn 2 /(2.208yf) = (32.2)(0.022) 2 /[(2.208)(4.27) 1/3 ] = 0.00435 
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14.146 The 50° triangular channel in Fig. 14-39 has a flow rate Q of 16 m 3 /s. Compute (a) y c , ( b ) v c , and (c) s c if 
n =0.018. 

I (a) gA 3 = b 0 Q 2 A = y 2 cot 50° b 0 = 2y cot 50° 

(9.807)(y 2 cot 50°) 3 = (2 y cot 50°)(16 2 ) y = y c = 2.37 m 

(6) v c = Q/A = 16/[(2.37) 2 (cot 50)] = 3.39 m/s 

(c) R = A/p w = y 2 cot 50°/(2y esc 50°) = (2.37) 2 (cot 50°)/[(2)(2.37)(csc 50°)] = 0.7617 m 

v = (1.0/n)(R 2/3 )(s 1/2 ) 3.39 = (1.0/0.018)(0.7617) 2/3 (s) 1 ' 2 5 = s c = 0.00535 


y esc 50° 


Fig. 14-39 



14.147 The formula for shallow-water wave-propagation speed, c 0 = Vgy, is independent of the physical properties of 
the liquid, i.e., density, viscosity, or surface tension. Does this mean that waves propagate at the same speed in 
water, mercury, gasoline, and glycerin? Explain. 

f c o — Vgy is correct for any fluid except for viscosity and surface tension (very small wave) effects. It would be 
accurate for water, mercury, and gasoline but inaccurate for glycerin (too viscous). 


14.148 


A 10-cm-high wave travels over (shallow) water of depth 1.2 m. Compute the wave speed c and the velocity 6v 
induced by the wave. 


f 


c - Vgy(l + 6yJm + G)(3y/y)] - V(9.79)(1.2)(l + 1/12)[1 + (|)(1/12)] = 2.60 m/s 


(c)(6y/y) 
l + (<5y/y) 


(2.60X1/12) 

13/12 


= 0.20 m/s 


14.149 Water flows rapidly in a flat wide channel 0.4 m deep. Pebbles dropped successively in the water at the same 
spot create two circular ripples which are shown from above in Fig. 14-40. Determine the current speed V. 

f The centers of the circles move at current V ; hence, 

(*o)(c 0 ) = AV (smaller circle) 

(x 0 + 4 + 6 + 9)(c 0 ) = 9V (larger circle) 

Subtracting these equations, 19c 0 = 5K, V = 19c 0 /5, c 0 = Vgy = V(9.807)(0.4) = 1.981 m/s, V = (19)(1.981)/5 = 
7.53 m/s. 


S'fe 



Fig. 14-40 


14.150 Rework Prob. 14.149 if the channel depth is 0.6 m and Fig. 14-41 applies. 

f The centers of the circles move at current V. If the pebble drop site is at distance x 0 ahead of the small 
circle, 

(jE 0 )(c (l ) = 3V (smaller circle) 

(jc 0 + 4)(c 0 ) = 9V (larger circle) 

Subtracting these equations, 4c 0 = 6F, V = 2c 0 /3, c 0 - Vgy = V(9.807)(0.6) = 2.426 m/s, V = (2)(2.426)/3 = 
1.62 m/s. 
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Fig. 14-41 


14.151 Consider flow in a wide channel over a bump, as in Fig. 14-42. One can estimate the water-depth change or 
transition with frictionless flow. Use continuity and the Bernoulli equation to show that dy/dx — 

—(dh/dx)/(l — V 2 /gy). Explain under what conditions the surface might rise above its upstream position y 0 . 

f From the Bernoulli equation, pjy + V\/2g +y 0 =p ,/y + V\/2g + y, + A, 0 + V\/2g + y o = 0 + V\/2g + y, + 
h, 

VdV/g + dy + dh =0 (1) 

From continuity, Voy 0 — V y t = constant, Vdy +y dV = 0, dV = — Vdy/y. Substituting this value of dV into Eq. 
(•0> (10( — Vdy/y)/g + dy + dh = 0, dy/dx = —(dh/dx)/(l — V 2 /gy). If dh/dx>0 (a bump) and V 2 <gy 
(subcritical Froude number), dy/dx will be negative and the water level will drop across the bump. If V 2 >gy 
(supercritical Froude number), the water level will rise. 



14.152 In Fig. 14-42, the flow rate is 1.2 m 3 /s per meter of channel width. Compute the velocity and water depth at the 
top of the bulge (h m „ = 0.1 m). Characterize the flow there. 

I P 0 /Y+V 2 0 /2g+y 0 = pJY+V 2 x/2g+yi+h 0 + V\/2g +y„ = 0 + V\/2g +y, + h m „ 

q = (KX0.85) = Vjy, = 1.2 V 0 = 1.412 m/s y, = 1.2/V, 

1.412 z /[(2)(9.807)] + 0.85 = V z /[(2)(9.807)] + 1.2/V, +0.1 0.05098Vj - 0.8516V + 1.2 = 0 

V, = 1.7 m/s (by trial and error) y, = 1.2/1.7 = 0.706 m 

(N f ) , = VjVgyx = 1.7/V(9.807)(0.706) = 0.646 (subcritical). 

14.153 Rework Prob. 14.152 for a flow rate three times as large. 

I Po/Y + Vl/2g+y 0 = p,/Y + V\/2g+y J + h 0+ V 2 J2g +y 0 = 0 + V?/2g +y, + h 

q — (V o )(0.85) = V,y, = 3.6 V 0 = 4.24 m/s y, = 3.6/V, 

4.24 2 /[(2)(9.807)] + 0.85 = V z /[(2)(9.807)] + 3.6/V, + 0.1 0.05098V? - 1.666V, + 3.6 = 0 

V, = 3.6 m/s (by trial and error) y, =3.6/3.6= 1.00 m 

(N f ) , = V/Vgyi = 3.6/V(9.807)(1.00) = 1.15 (supercritical). 

14.154 Given the flow of a channel of large width b under a sluice gate, as shown in Fig. 14-43 and assuming frictionless 
steady flow with negligible upstream kinetic energy, derive a formula for the dimensionless ratio Q 2 /y\b 2 g as a 
function of the ratio y 2 /y,. 
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I From the Bernoulli equation, y, + V\/2g =y 2 + V\/2g. Assuming V\/2g to be negligible, y, = y 2 + Vj/2g. 
From continuity: V,y, = V 2 y 2 = Q/b, V 2 = Q/by 2 , y, = y 2 + (Q/by 2 f/2g. Multiplying by y\ly\, yj/yj = yl/y? + 
Q 2 /2gb 2 yl Q 2 /2gb 2 y\ = (y 2 /y,) 2 - (y 2 /y,) 3 . 


y 1 


Gate 




V777777777777777777777777777777F777777, 




Fig. 14-43 


14.155 With reference to Prob. 14.154, take y, = 1.00 m and y 2 = 0.60 m, b = 10 m. Compute flow rate Q if the 
upstream kinetic energy is (a) neglected and (6) considered. 

f (a) If V 2 /2g is neglected, the equation developed in Prob. 14.154 applies: Q 2 /2gb 2 y\ = (y 2 /y,) 2 — (y 2 /yi) 3 . 
i2 2 /[(2)(9.807)(10) 2 (1.00) 3 ] = [(0.60)/(1.00)] 2 - [(0.60)/(1.00)] 3 , Q = 16.8 m 3 /s. 

( b ) From the Bernoulli equation, 

y, + V?/2g=y 2 +V 2 /2g V,y, = V 2 y 2 (V,)(1.00) = (V 2 )(0.60) V 2 = 1.667V, 

1.00 + V,/[(2)(9.807)] = 0.60 + (1.667V,) 2 /[(2)(9.807)] V, = 2.10 m/s 
Q = Av = [(10)(1.00)](2.10) = 21.0 m 3 /s 

14.156 For laminar = sheet draining, the flow may become turbulent if N R exceeds 500. If s = 0.0018, what is the 
maximum sheet thickness y 0 to ensure laminar flow of water at 20 °C? 

I N R =gyl s/3v 2 500 = (9.807)(y2)(0.0018)/[(3)(1.02xl0- 6 ) 2 ] y 0 = 4.45mm 

14.157 A rectangular channel 3 m wide contains water 2 m deep. If the slope is 0.5°, compute the discharge for uniform 
flow by the Manning formula (n = 0.014). 

f Q = (A)(1.0/n)(J? 2/3 )(j 1/2 ) = [(3)(2)](1.0/0.014)[(3)(2)/ (2 + 3 + 2)f 3 (tan 0.5°) 1/2 = 36.13 m 3 /s 

14.158 Solve Prob. 14.157 by the Moody formula (e = 0.0024 m). 

f C = VSgTf l/f tl2 = 2 log (3.7D h /e) D„ = 4R = (4)[(3)(2)/(2 + 3 + 2)] = 3.429 m 

1 lf m = 2 log [(3.7)(3.429)/(0.0024)] / = 0.01804 C = V(8)(9.807)/0.01804 = 65.95 

Q = CA(Rs)' a = (65.95)[(3)(2)]{[(3)(2)/(2 + 3 + 2)](tan 0.5°)} 1/2 = 34.22 m 3 /s 

14.159 A large metal trough (n = 0.014) slopes at 1:500, its section corresponds to Fig. 14-35 with <p — 30°. Find the 
water depth for uniform flow at 222.2 L/s. 

f Q = (A)(1.0/n)(R 2/3 )(s l/2 ) A = (y)[y tan 30°] = 0.5774y 2 p w =2y/cos30° = 2.309y 

R = A/p w = 0.5774y 2 /2.309y = 0.2501y 0.2222 = (0.5774y 2 )(1.0/0.014)(0.2501y) 2/3 (5g 5 ) ,/2 y = 0.639 m 

14.160 A trapezoidal channel similar to that of Fig. 14-38 has a bottom width of 10 ft, a side angle of 45°, and a depth 
of 3 ft. Compute the uniform flow discharge for a clean earth channel (n = 0.021) with s = 0.0004. 

f A = (10)(3) + (3)[3 tan (90° - 45°)] = 39 ft 2 p w = 10 + (2)[3/cos (90° - 45°)] = 18.49 ft 

Q = (A)(1.486/n)(R 2/3 )(s ,a ) = (39)(1.486/0.021)(39/18.49) 2/3 (0.0004) 1 ' 2 = 90.8 ft 3 /s 

14.161 For the channel of Prob. 14.160, compute the normal depth if the flow rate is 170 cfs. 

I e = (A)(1.486/n)(K 2 ' 3 )(s 1 ' 2 ) A = lOy + (y)[y tan (90° - 45°)] = lOy + y 2 

p w = 10 + (2)[y/cos (90° - 45°)] = 10 + 2.828y 
170 = (lOy + y 2 )(1.486/0.021)[(10y + y 2 )/(10 + 2.828y)f 3 (0.0004) 1/2 
y = 5.63 ft (by trial and error) 
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14.162 Use Moody’s formula to express Manning’s n as a function of channel size R. 

I Combining C = V$gTf= (1.486 /n)(R' 16 ), 1 /f la = 2 log (3.7 DJe), and D h = 4 R, we obtain n = R m / 

(a + p log R), for suitable constants a and ft. 

14.163 A 7-ft-diameter metal (n = 0.020) conduit is flowing half-full on a slope of 1:880. Estimate the discharge. 

I Q = (A)(1.486/n)(« 2/3 )(j 1/2 ) = [(i)(rr)(7) 2 /4](l.486/0.020)(7/4) 2/3 (l/880) 1,2 = 70.0 ft 3 /s 

14.164 A trapezoidal conduit similar to that of Fig. 14-38 has a bottom width of 6 m, a side angle of 35°, and carries 
60 m 3 /s of water at a depth of 4 m. If n = 0.014, find the slope. 

I Q = C4)(1.0/n)(R 2/3 )(* ,/2 ) A = (6)(4) + 4[4 tan (90° — 35°)] = 46.85 m 2 

p w = 6 + (2)[4/cos (90° - 35°)] = 19.95 m 60 = (46.85)(1.0/0.014)(46.85/19.95) 2/3 (i) 1/2 s = 0.000103 

14.165 For the conduit of Prob. 14.164, determine the water depth given a slope of 0.000512 and a discharge of 
40 m 3 /s. 

f Q = (A)(1.0/n)(/? 2 / 3 )(j 1/2 ) A=6y + y[y tan (90° — 35°)] = 6 y + 1.428y 2 

p w = 6 + 2[y/cos (90° - 35°)] = 6 + 3.487y 
40 = ( 6 y + 1.428y 2 )(1.0/0.014)[(6y + 1.428y 2 )/(6 + 3.487y)] 2/3 (0.000512) 1/2 
y = 2.14 m (by trial and error) 

14.166 Uniform water flow in a wide brick channel (n = 0.015) of slope 0.02° moves over a 10-cm bump as in Fig. 
14-44. A slight depression in water surface results. If the minimum water depth over the bump is 50 cm, 
compute the velocity over the bump and the flow rate per meter of width. 

I v = (1.0/n)(« 2 / 3 )(s l/2 ) v, = (1.0/0.015)(yi) 2/3 (tan 0.02 °) 1/2 = 1.246yf 3 

From continuity, v l yi = v 2 y 2 , (1.246yf)(y,) = (u 2 )(^), v 2 = 2. 492y 3/3 . Applying the Bernoulli equation and 
neglecting bottom slope, 

y t + vi/2g = y 2 + vlllg + y, + (1.246yf 3 ) 2 /[(2)(9.807)] = ^ + (2.492yf ) 2 /[(2)(9.807)] + Z 

y, = 0.623 m (by trial and error) v 1 = (1.246)(0.623) z/3 = 0.9089 m/s 
v 2 = (2.492)(0.623) 5 ' 3 = 1.13 m/s < 7 = 1^1 = (0.9089) (0.623) = 0.566 (m 3 /s)/m 



bump Fig. 14-44 

14.167 A tar-coated (n = 0.014) triangular channel has 45° sides and a slope of 0.0004. Compute the normal depth for a 
discharge of 140 ft 3 /s. 

f Q = (A )( 1.486/ n)(R 2i3 )(s' a ) A = (y)(y cot 45°) = l.OOOy 2 

p w = (2y)(csc 45°) = 2.828y R = A/p w = 1.000y 2 /2.828y = 0.3536y 
140 = (1. OOOy 2 )(1.486/0.014)(0.3536y ) 2/3 (0.0004) 1/2 y = 6.24 ft 
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14.168 A brick (n = 0.015) rectangular channel with s = 0.002 is designed to carry 230 cfs of water in uniform flow. 
There is an argument over whether the channel width should be 4 ft or 8 ft. Which design needs fewer bricks? 
By what percentage? 

f Q = (A)(1.486/n)(R 2/3 )(s 1/2 ). For 4-ft width: 230 = (4y)(1.486/0.015)[4y/(y + 4 + y)f 3 (0.002) 1/2 , y = 

9.31 ft (by trial and error), p w = 9.31 + 4 + 9.31 = 22.62 ft. For 8-ft width: 230 = (8y)(1.486/0.015)[8y/(y + 8 + 
y)] 2/3 (0.002) 1/ \ y = 4.07 ft (by trial and error), p w = 4.07 + 8 + 4.07 = 16.14 ft. Hence, the 8-ft-width design 
needs fewer bricks by (22.62 —16.14)/22.62 = 0.286, or 28.6 percent. 

14.169 In the T-shaped channel of Fig. 14-45, the two arms have rougher walls than does the trunk. Approximate the 
discharge, if y, = 20 ft, y 2 = 5 ft, f>, = 50 ft, b 2 = 100 ft, n, = 0.018, n 2 = 0.036, with a slope of 0.0004. 

I Q = (A)(1.486/n)(/? 2/3 )(s 1/2 ) 

0, = [(50)(20 + 5)](1.486/0.018)[(50)(20 + 5)/(20 + 50 + 20)] 2/3 (0.0004) 1/2 = 11925 ft 3 /s 
Q 2 = [(100)(5)](1.486/0.036)[(100)(5)/(100 + 5)p(0.0004) 1/2 = 1168 ft 3 /s 
Q = 11925 + (2)(1168) = 14 261 ft 3 /s 


! 

5 ' 



Fig. 14-45 


14.170 Repeat Prob. 14.169 for the following parameters: y, = h, = 9 m, n, = 0.018, y 2 = 1 m, b 2 = 100 m, n 2 = 0.036. 
The angle of downslope is 0.1°. 

I Q = (A)(l. 0/n)(R 2l3 )(s in ) 

Qi = [(9)(9 + 1)](1-0/0.018)[(9)(9 + l)/(9 + 9 + 9)] 2/3 (tan 0.1°) 1/2 = 466 m 3 /s 
Q 2 = [(100)(1)](1.0/0.036)[(100)(1)/(100 + l)f 3 (tan 0.1 <, )‘' 2 = 115 m 3 /s 
(3 = 466 + (2)(115) = 696 m 3 /s 


14.171 A 1-m-diameter clay tile (n = 0.014) sewer pipe runs half-full on a slope of 0.004. Compute the flow rate by the 
Manning formula. 

I Q = (A)(1.0/n)(R 2,3 )(i 1/2 ) = [(i)(7r)(l) 2 /4](1.0/0.014)(5) 2/3 (0.004) 1/2 = 0.704 m 3 /s 


14.172 Solve Prob. 14.171 by the Moody formula, with e = 0.0026 m. 

I 1// 1/2 = 2 log (3.7D/e) = 2 log [(3.7)(l)/0.0026] / = 0.02514 

C = V§i7?= V(8)(9.807)/0.02514 = 55.86 
Q = CA(Rs) V2 = 55.86[(|)(jr)(l) 2 /4][(|)(0.004)] 1/2 = 0.694 m 3 /s 

14.173 Four of the sewer pij>es from Prob. 14.171 empty into a single finished-cement (n = 0.012) pipe, also sloping at 
0.004°. If the large pipe is also to run at half-full, what should its diameter be? 

f Q = (A)(1.0/n)(/? 2/3 )(j 1/2 ) (4)(0.704) = [(|)(^)(D) 2 /4](1.0/0.012)(D/4) 2/3 (0.004) ,/2 D = 1.59 m 

14.174 For the circular channel of Fig. 14-46, if n = 0.016, D = 3 m, and the slope is 0.2°, find the normal depth for a 
discharge of 20 m 3 /s. 

I Q = (A)(1.0/n)(R 2/3 )(s 1/2 ) y = (£>/2)(l + sin 6) = (|)(1 + sin 6) 

A = ( \){DI2)\n + 26 + sin 20) = (|)(l) 2 (Jt + 20 + sin 20) = (1. 125 )(jt + 20 + sin 20) 

Pw — (D/2)(n + 20) = (1)(jt + 20) 

20 = [(1.125)(w + 20 + sin 20)](1.O/O.O16)[(1. 125 )(jt + 20 + sin 2 0)/(§)(?r + 20)] 2/3 (tan 0.2°) 1/2 
0 = 31.57° (by trial and error) y = (1)(1 + sin 31.57°) = 2.29 m 
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Fig. 14-46 


14.175 For fixed n and s, find the diameter of a semicircular channel that will have the same discharge as a rectangular 
channel with b = 4 m and y = 2 m. 

f e = (A)(i.o/«)(/? 2 ' 3 )(* 1 ' 2 ) e, = e 2 

[(4)(2)](1.0/n)[(4)(2)/(2 + 4 + 2)] 2/3 (s) l/2 = [(§)(jr)(D) 2 /4](1.0/n)(D/4) 2/3 (5) 1 ' 2 D = 4.38 m 


14.176 A trapezoidal channel has n = 0.020 and s = 0.0004 and is made in the shape of a half-hexagon for maximum 
efficiency (see Fig. 14-47). For what length of side will the channel carry 250 cfs of water? 

I Q = (A)(1.486/n)(/? 2,3 )(s ,/2 ) A = (|)(h 2 )(sin 60°) = 1.2996 2 

250 = (1.2996 2 )(1.486/0.020)(1.2996 2 /36) 2/3 (0.0004) 1/2 b = 7.64 ft 



Fig. 14-47 


14.177 Compute the discharge of a semicircular channel of the same area, slope, and n-value as the channel of Prob. 
14.176. 

f A = (1.299)(7.64) 2 = 75.82ft 2 (from Prob. 14.176) 75.82 = (|)(w)(4) 2 /4 d = 13.90ft 

Q = (A)(1.486/n)(f? 2/3 )(i ,/2 ) = 75.82(1.486/0.020)(13.9/4) 2/3 (0.0004) ,/2 = 258 ft 3 /s 

14.178 Find the optimal dimensions of a wooden (n = 0.012) rectangular channel that will carry 4.0 m 3 /s at s = 0.0008. 

f For an optimum, width = twice depth (»v = 2y): Q = (A)(1.0/n)(7? 2/3 )(i t/2 ) ) 4.0 = 
[(>’)(2y)](l-0/0.012)[(y)(2y)/(>- + 2y +y)] 2/3 (0.0008) 1/2 , y = 1.118m, * = (2)(1.118) = 2.236m. 

14.179 How deep should an asphalt (n = 0.015) trapezoidal channel, with sides sloping at 45°, be to carry 5 m 3 /s at 
s =0.0006? 

f In an optimal design, R =y/2. Q = (A)(1.0/n)(/? 2/3 )(j I/2 ), A = (y 2 )[(2)(l + cot 45°) ,/2 - cot 45°] = 1.828y 2 , 

5 = (1.828y 2 )(1.0/0.015)(y/2) 2/3 (0.0006) I/2 , y = 1.44 m. 

14.180 Compare the channel of Prob. 14.179, with a semicircular channel of the same slope and area. 

I A = (1.828)(1.44) 2 = 3.79 m 2 (from Prob. 14.179) 3.79 = (|)(^)(0) 2 /4 D = 3.107m 

Q = (A)(1.0/n)(i? 2/3 )(s ,/2 ) = (3.79)(1.0/0.015)(3.107/4) 2/3 (0.0006) 1/2 = 5.23 m 3 /s 
The semicircular channel carries (5.23 — 5)/5 = 0.046, or 4.6 percent more than the trapezoidal channel. 
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14.181 If the side angles of the trapezoidal channel of Prob. 14.176 are reduced to d = 20° and if the bottom flat width 
is 8 ft, And the normal depth of the new channel. 

I Q = (A)(1.486//j)(fl 2/3 )(s ,/2 ) A = by +y 2 cot20° = 8y +2.747/ p w = b + 2y csc20° = 8 + 5.848y 
250 = (8 y + 2.747y 2 )(1.486/0.020)[(8y + 2.747y 2 )/(8 + 5.848y)f 3 (0.0004) 1/2 
y = 4.40 ft (by trial and error) 

14.182 A 16-ft-deep, clean-earth river (n = 0.030) has a flow rate q = 140 cfs/ft. Calculate the Froude number of the 
river. 

f = (q 2 /g) m = (140 2 /32.2) 1 ' 3 = 8.47 ft v = 140/16 = 8.750 ft/s 

N F = v/Vgy c = 8.75/V(32.2)(8.47) = 0.530 

14.183 Find the critical slope in Prob. 14.182 by the Moody method, using e = 0.78 ft. 

f s c =//8 l// l/2 = 2 log (3.7D/e) 

Using data from Prob. 14.182, D =4R=4y c = (4)(8.47) = 33.88 ft, l// ,/2 = 2 log [(3.7)(33.88)/0.78], / = 
0.05137, s c = 0.05137/8 = 0.00642. 

14.184 Are the normal flows corresponding to the two widths in Prob. 14.168 subcritical or supercritical? 

f y ( = (Q 2 /b 2 g) m . For w = 4ft, y c = {230 2 /[(4) 2 (32.2)]} l/3 = 4.68ft <9.31 ft; so the flow is subcritical. For 
w = 8 ft, y c = {230 2 /[(8) 2 (32.2)]} ,/3 = 2.95 ft < 4.07 ft; so the flow is subcritical. 

14.185 In a 250-mm-deep test channel, a (stationary) ship model sets up the bow wave shown in Fig. 14-48. Determine 
the flow velocity in the channel. 

I sin d = \/N F = Vgh/v sin 30° = V(9.807)(0.250)/u v = 3.13 m/s 

?/////////////^^^^ 

V7777777777777777777777777777777777777/ Fig. 14-48 

14.186 Suppose that the wave of Fig. 14-48 is seen instead on the surface of water flowing half-full in a circular channel 
of diameter 1.0 m. What is the flow rate if the surface is finished cement? 

I Flow is supercritical. 

v = N f v c N f = esc 30° = 2.00 A c = (i)(jr)(1.0) 2 /4 = 0.3927 m 2 
v c = (gA c /b o y a = [(9.807)(0.3927)/1.0] ,/2 = 1.96 m/s v - (2.00)(1.96) = 3.92 m/s 
Q =Av = (0.3927)(3.92) = 1.539 m 3 /s 

14.187 Suppose that the wave of Fig. 14-48 is seen instead on the surface of water flowing full in a half-hexagon of side 
length 300 mm. What is the flow rate if the sides are of planed wood? 

I Flow is supercritical. 

v=N f v c N f = esc 30° = 2.00 v c = (gAJbo)' 12 
b 0 = 0.300 + (2)(0.300)(cos 60°) = 0.600 m y = (0.300)(sin 60 c ) = 0.260 m 

A c = (|)(0.600 + 0.300)(0.260) = 0.1169 m 2 v c = [(9.807)(0.1169)/0.600] ,/2 = 1.38 m/s 
v = (2.00)(1.38) = 2.76 m/s Q=Av- (0.1169)(2.76) = 0.323 m 3 /s 
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14.188 Find the critical depth and the critical slope for the conduit of Prob. 14.164. 

I A = (b 0 Q 2 /g)' n b 0 = 6 + 2y c cot 35° = 6 + 2.856y c A = (y c )(6 + y c cot 35°) = 6y r + 1.428y c 2 
6 y c + \A2&y 2 c = [(6 + 2.856> , c )(50 2 )/9.807] 1/3 y c = 1.86 m (by trial and error) 
v c = (l.0/n)(R 2,3 )(s m ) A = (6)(1.86) + (1.428)(1.86) 2 = 16.10 m 2 v c = Q/A = 60/16.10 = 3.727 m/s 
p w = 6 + (2)(1.86)/sin35°= 12.49 m 3.727 = (1.0/0.014)(16.10/12.49) 2/3 (s c ) 1 ' 2 s, = 0.00194 

14.189 For the river of Prob. 14.182, find the depth y 2 at which the specific energy is equal to that at the bottom, 
y l = 16 ft. 

f E = y + v 2 /2g v , = 8.750 ft/s (from Prob. 14.182) 

£, = 16 + 8 . 750 2 /[(2)(32.2)] = 17.19 ft £ 2 = E,= 17.19 = y 2 + (140/y 2 ) 2 /[(2)(32.2)] 

Y!.\9y\ — y\ — 304.3 = 0 y 2 = 5.00ft (by trial and error) 

14.190 Determine the critical slope of a clay-tile (n = 0.014) triangular channel with sides sloping at 60° and carrying ' 
12 m 3 /s. 

f gA 3 — b 0 Q 2 A c = yl cot 60° = 0.5774y 2 b 0 = 2y c cot 60° = 1.155y c 

(9.807)(0.5774y 2 ) 3 = (1.155y c )(12) 2 y f = 2.45 m i 

Vc = Q/ Ac = 12/[(0.5774)(2.45) 2 ] = 3.46 m/s \ 

v c = ( 1 . 0 /n)(/? 2 / 3 )(s ,/2 ) | 

3.46 = (1.0/0.014) {(0.5774)(2.45) 2 /[(2)(2.45)/sin 60 o ]) 2/3 (i c ) ,/2 = 0.00451 j 

i 

14.191 A triangular duct flows partly full as shown in Fig. 14-49. If the critical depth is 0.6 m and n = 0.016, compute j 

(a) the critical flow rate and ( b ) the critical slope. j 

f (a) b 0 = {[(V3/2) — 0.6]/(V3/2)}(l) = 0.3072 m A = (§)(0.3072 + 1)(0.6) = 0.3922 m 2 

Q = AVgAjVo = (0.3922) V(9.807)(0.3922)/0.3072 = 1.39 m 3 /s 
(A) Q = (A)(1.0/n)(i? 2 / 3 )(s 1/2 ) p w = l + (2)[0. 6 /sin 60°] = 2.386 m ; 

1.39 = (0.3922)(1.0/0.016)(0.3922/2.386) 2/3 (s) 1 ' 2 j = 0.0357 ! 



Fig. 14-49 


14.192 For the triangular duct of Prob. 14.191, if the critical flow rate is 1.0 m 3 /s, compute (a) the critical depth and 1 
( 6 ) the critical slope. 1 

I (a) Q = Ay/gAfbo b 0 = [((V3/2) -y c )/(V3/2)](l) = 1 - 1.155* 

A = |[(1 - 1.155y c ) + l](y c ) =y c - 0.5775 y 2 c 

1.0 = ( y c - 0.5775y 2 )V(9.807)(y c - 0.5775y 2 )/(l - 1.155y c ) y f = 0.493 m (by trial and error) J 
(6) Q = (A)(1.0/«)(/? 2 / 3 )(j i/z ) p w = l + (2)[0.493/sin 60°] = 2.139 m 

A = 0.493 - (0.5775)(0.493) z = 0.3526 m 2 1.0 = (0.3526)(1.0/0.016)(0.3526/2.139) 2 » ,/2 j 

5 = 0.228 


14.193 A rectangular channel 2 m wide and 1 m deep has critical slope of 0.009. Estimate the surface roughness height. 
I s c = gn 2 pJ(l.0b o R tn ) R=A/p w = (2)(l)/(l + 2 + 1) = 0.5000 m 

0.009 = (9.807)(n) 2 (l + 2+ 1)/[(1.0)(2)(0.5000) 1/3 ] n = 0.0191 
n = 0.0382c 1 ' 6 0.0191 = 0.0382c 1 ' 6 e = 0.0156 m = 15.6 mm 
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14.194 For a water flow in a rectangular channel 10 m wide, the critical slope is 0.003491. Find the critical depth and 
discharge, given n = 0.014. 

I = gn 2 pJ(l.Ob 0 R m ) 0.003491 = (9.807)(0.014) 2 (10 + 2y e )/{(1.0)(10)[10y e /(10 + 2y c )] ,/3 } 

y c = 0.196 m (by trial and error) Q c = (gA 3 /f > 0 ) ,/3 = {(9.807)[(10)(0.196)f/10} 1/3 = 1.95 m 3 /s 

14.195 A circular aluminium (n = 0.020) channel 8 ft in diameter has Froude number 0.5 in uniform half-full flow. 
Compute the channel slope. 

I v c = ( gA/b o y n = {(32.2)[(j)(jr)(8) 2 /4]/8} 1/2 = 10.06 ft/s 

v = (1.486/n)(/? 2/3 )(s= vJ2 = 10.06/2 = 5.03 ft/s 
5.03 = (1.486/0.020)(|) 2/3 (s)’ /2 s = 0.00182 

14.196 Water is in steady flow through the finished-concrete, semicircular channel shown in Fig. 14-50. If the bed slope 
is 0.0016, what is the flow rate? 

f A = G)(jt)(10 ) 2 + (3)(10 + 10) = 217.1 ft 2 R h = A/p w = 217. l/[(;r)(10) + 3 + 3] = 5.802 ft 
Q = (A)(1.486/rt)(«f 3 )(si /2 ) = (217.1)(1.486/0.012)(5.802) 2/3 (0.0016) 1,2 = 3472ft 3 /s 


Fig. 14-50 

14.197 In a planed-wood (n = 0.012) rectangular channel of width 4 m, water is flowing at the rate of 20 m 3 /s. If the 
slope of the channel is 0 . 0012 , what is the depth of uniform flow? 

f Q = (A)( 1 . 0 /n)(« 2 / 3 )( 5 1/2 ) 20 = (4D)(1.0/0.012)[4D/(D + 4 + D)f 3 (0.0012 ) 1/2 

D = 1.80 m (by trial and error) 

14.198 In a planed-wood rectangular channel of width 4 m, water is flowing at a rate of 5 m 3 /s. The slope of the channel 
is 0.0001. The roughness coefficient is 0.5 mm. What is the height h of the cross section of flow for normal, 
steady flow? The water has a temperature of 10 °C. 

f v = Q/A = (SgsRlf) m 5/Ay = {(8)(9.807)(0.0001)[4y/(y + 4 + y)]/f} ir2 

Like problems in Chap. 9, this requires a trial-and-error solution whereby a value of the friction factor (/) is 
guessed and subsequent computations and work with Fig. A-5 are done to find the right combination of 
parameter values to satisfy the problem. Inasmuch as a number of trial-and-error problems of this type were 
presented in detail in Chap. 9, we shall save time and space in problems of this type in this chapter by 
“guessing” the correct value of/on the first try! Guess/ = 0.0132. 

5/4 y = {(8)(9.807)(0.0001)[4y/(y + 4 + y)]/0.0132} 1/2 y = L69 m (by trial and error) 

v = Q/A = 5/[(4)(1.69)] = 0.7396 m/s R = (4)(1.69)/(l. 69 + 4 + 1.69) = 0.9160 m 

N r = D h v/v = (4R)(v)/v = (4)(0.9160)(0.7396)/(1.30 x 10“ 6 ) = 2.08 x 10 6 
e/D* = e/AR = (0.5/1000) /[(4)(0.9160)] = 0.00014 

From Fig. A-5, / = 0.0132 (O.K.). Therefore, y - 1.69 m. 

14.199 Do Prob. 14.196 using friction-factor formulas with e = 0.0032 ft. Assume a temperature of 60 °F. 

f v*e/v- (y/gRs)(e)/v. Using values from Prob. 14.196, v*e/v = [V(32.2)(5.802)(0.0016)](0.0032)/(1.21 x 
10~ 5 ) = 145. Since v*e/v> 100, we are in the fully rough zone and 1 // 1/2 = 2.16 — 2log (e/R) = 2.16 — 
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2 log (0.0032/5.802),/ = 0.01328, v = (8 gsR/f) m = {(8)(32.2)(0.0016)(5.802)/0.01328} ,/2 = 13.42 ft/s, Q = 

Au = (217.1)(13.42) = 2913 ft 3 /s. 

14.200 A wide rectangular section has flow q = 80 cfs/ft. Find the critical depth and the critical slope, if e = 0.0035 ft. 

f yc = ( 9 2 /g ) ,/3 = (80 2 /32.2) 1/3 = 5.84 ft 

s c =//8 N R = D h v/v D h = 4R = (4)(5.84) = 23.36 ft 
= (23.36){80/l(5)(l)]}/(1.21 x 10 s ) = 3.09 X 10 7 
e/D h = 0.0035/23.36 = 0.000150 
From Fig. A-5,/ = 0.0128. s c = 0.0128/8 = 0.0016. 

14.201 For steady laminar flow in a thin sheet over a flat surface (see Fig. 14-51), V z = [(y sin 0)1 n][(3qfi/y sin 0) w y - 
y 2 /2], where ^ is the volumetric flow per unit width. Find the thickness t of such a flow of water at 5 °C for 

0 = 25° and q = 18 (L/min)/m. 

f When y =t, dVJdy = 0. dVJdy = 0 = [(y sin d)ln][(3qn /y sin 6) m - t), t = (3 qn /y sin 0) 1/3 : 



14.202 A film of oil (v = 1.664 x 10 4 ft 2 /s) of thickness 0.0022 ft moves at uniform speed down an inclined surface 
having an angle 6 = 25° (see Fig. 14-51). Compute the volume flow per unit width. 

f Assuming laminar flow, 

t = (3 qiily sin 0) m = (3qv/g sin 0) 1 ' 3 (from Prob. 14.201) 

0.0022 = {(3)(<7)(1.664 x 10- 4 )/[(32.17)(sin 25°)]) 1/3 q= 2.9 x 10 “ 4 cfs/ft 

14.203 Check the assumption of laminar flow in (a) Prob. 14.201, ( b ) Prob. 14.202. 

f (a) N R — q/v = (3 x 10~ 4 )/(1.52 X 10“ 6 ) = 2<500 (O.K.). 

(b) N R = q/v = (2.9 x 10~ 4 )/(1.664 x 10 -4 ) >= 2 < 500 (O.K.). 

14.204 Water at 5 °C is flowing 1 m deep in a finished-concrete rectangular channel of width 8 m with a slope of 0.001. 
Find the volume of flow. 

I Q = (A)(1.0/n)(R z/ 3 )(s ,n ) = [(8)(1)](1.0/0.012)[(8)(1)/(1 + 8 + l)] 2 / 3 (0.001 ) ,,2 = 18.2 m 3 /s 

14.205 A wide rectangular channel dug from clean earth (n = 0.024) is to conduct a flow of 5 m 3 /s per meter of width. 
The slope of the bed is 0.0016. What would be the depth of flow for normal flow? 

I s = (n/l.0) 2 (q 2 /y™ 3 ) 0.0016 = (0.024/1.0) 2 (5 2 /yJT) y„ = 1.93m 
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14.206 The channel of Fig. 14-52 has n = 0.020 and carries 8 ft 3 /s of water through a total drop of 10 ft. How long 
should the channel be for normal flow? 

f Q = (A)(1.486/n)(R 2,3 )(s 1 ' 2 ) A = (2)(2 tan 45°) = 4.000 ft 2 

R = A/p w = 4.000/[(2)(2/cos 45°)] = 0.7071 ft 
8 = (4.000)(1.486/0.020)(0.7071) 2/3 [10/L] 1/2 L = 8694 ft 



14.207 Find the depth of flow in a 2-m-wide rectangular channel ( n = 0.016) that carries 5 m 3 /s of water 1 km with a 
head loss of 7.5 m. 

I s = 7.5/1000 = 0.0075 Q = (A)(1.0/n)(R 2ii )(s m ) 

5 = (2>v)(1.0/0.016)[2}> / v/(}'n + 2 + y„)] 2 ' 3 (0.0075) 1,2 y„ = 0.795 m (by trial and error) 

14.208 The channel of Fig. 14-53 has a slope of 0.0018 and carries 57 m 3 /s. Determine the flow depth, if rt — 0.015. 

I Q = (A)(l.0/n)(R™)(s l/2 ) A = 10y v -(f)[(f)(tanl0»)] = 10y w -4.408 

P„ = 2[y„ - (f)(tan 10°) + (f )/cos 10°] = ly N + 8.391 R = A/p„ = (10^ - 4.408)/(2y v + 8.391) 
57 = ( 10 y w - 4.408)(1.0/0.015)[(10y„ - 4.408)/(2y w + 8.391)f 3 (0.0018) 1/2 
y N = 2.11 m (by trial and error) 



14.209 Shown in Fig. 14-54 is a partially filled pipe. If Manning’s n is 0.020, what slope is necessary for a steady flow of 
60cfs? 

f Q = (/4)(1.486/n)(f? 2/3 )(j 1/2 ) 0 = arcsin | = 30.0° 

A = {[180° + (2)(30.0°)]/360°}[(jr)(8) 2 /4] + (2)(4 cos 30.0°) = 40.44 ft 2 
p w = {[180° + (2)(30.0°)]/360°}[(n:)(8)] = 16.76 ft R= A/p„ = 40.44/16.76 = 2.413 ft 
60 = (40.44)(1.486/0.020) (2.413) 2/3 (s) 1/2 s = 0.0001232 



14.210 Find the flow in Fig. 14-55 if the slope of the channel is 0.0004 and n = 0.024. Side slopes are all 1:1. 
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I A = (3)(3)/2 + (3)(20) + (5)(3 + 3 + 5)/2 + (8)(3 + 5) + (5)(3 + 3 + 5)/2 + (3)(25) + (3)(3)/2 = 263.0 m 2 
p w = VF+3 2 + 20 + V^+5 5 + 8 + V5 2 + 5 2 + 25 + \f^+¥ = 75.63 m R = A/p w = 263.0/75.63 = 3.477 m 
G = (A)(1.0/n)(/? 2/3 )(s 1/2 ) = (263.0)(1.0/0.024)(3.477) 2/3 (0.0004) 1/2 = 503 m 3 /s 


3 ni 



14.211 The channel in Prob. 14.1% is to be replaced by a rectangular channel of width 16 ft. What is the ratio of cost of 
the concrete allowing 2 ft of freeboard (distance above the free surface) for the walls of the channels? 

I From Prob. 14.196, Q = 3472 ft 3 /s, 5 = 0.0016, and n = 0.012. 

Q = (>t)(1.486/n)(/? 2/3 )(j 1/2 ) 3472 = (16y)(1.486/0.012)[16y/(y +16 + y)] 2/3 (0.0016) 1 ' 2 

y = 14.65 ft (by trial and error) (p*)i = 16 + (2)(14.65) + (2)(2) = 49.30ft 

For the channel of Prob. 14.196, ( p w ) 2 = (jt)( 10) + 3 + 3 + (2)(2) = 41.42 ft. Ratio of cost = ( p w )J{.pJ)i = 
49.30/41.42=1.19. 

14.212 Repeat Prob. 14.204 using the friction-factor approach. Check your assumption of rough-zone flow. 

I R - A/p w = (1)(8)/(1 + 8 + 1) = 0.8 m l/f m = 2.16 - 2 log (e/R) = 2.16 - 2 log (0.001/0.8) 

/ = 0.01576 v = (8 gsR/f) m = [(8)(9.807)(0.001)(0.8)/0.01576] 1/2 = 1.9% m/s 
G =Av = [(1)(8)](1.996) = 16.0 m 3 /s 
N r = D„v/v = (4R)(u)/v = [(4)(0.8)](1.9%)/(1.52 X 10“ 6 ) = 4.20 X 10 6 
The values / = 0.01576 and N R = 4.20 x 10 6 fall in in the rough zone of Fig. A-5. 

14.213 For a rectangular channel with a flow of 20 m 3 /s at a velocity of 5 m/s, what should width b and depth y be for 
the best hydraulic section? 

f A = Q/v = t = 4.000 m 2 . For a rectangular section, the best hydraulic section has a width equal to twice the 
depth. Hence, (b)(b/ 2) = 4.000, b = 2.828 m, y = 2.828/2 = 1.414 m. 

14.214 For steady flow at 6 m 3 /s on a slope of 0.0018, what is the width of the rectangular channel of least wetted 
perimeter? Take n = 0.0015. 

f Q = (A)(1.0/n)(R 2J3 )(s 1/2 ). The best hydraulic section has a width b equal to twice the depth. Hence, 

A = (b)(b/ 2) = 6 2 /2, R = A/p w = (672)/(6/2 + 6 + 6/2) = 6/4, 6 = (6 2 /2)(1.0/0.015)(6/4) 2/3 (0.0018) 1/2 , 6 = 
2.43 m. 

14.215 A stream has a speed of 12 ft/s and is 2 ft deep. Find the angular spread of the wave set up by a thin stationary 
obstruction. 

I sin 0/2 = Vgy/v = V(32.2)(2)/12 0 = 84° 

14.216 A small boat is moving in shallow still water where the depth is 2 m; its bow wave makes an angle of 60° with 
the line of motion (see Fig. 14-56). Compute the speed of the boat. 

f sin or = Vgy/v sin 60° = V(9.807)(2)/u v = 5.11 m/s 

14.217 A stone is dropped into a pond; the ripples have an amplitude of about 1 in and travel at 4 ft/s. About how deep 
is the pond? 
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Fig. 14-56 

f (g)(y + Ay/2)(y + Ay) = c 2 y 32.2[y + {h)/2](y + h) = (4) 2 y y 2 - 0.3719y + 0.003472 = 0 
Choosing the larger root, 

y = [- (-0.3719) + V(—0.3719) 2 - (4)(1)(0.003472)]/[(2)(1)] = 0.362 ft 

14.218 Two fishermen are stationed a distance D apart along a straight running stream (depth y, speed v). At a certain 
moment, a small gravity wave is initiated midway between them. How much later than the downstream man 
does the upstream man feel the wave? 

f With c = Vgy as the wave velocity, 

D/2 D/2 Dc D\fgy 

At =-= —5 -; = —5 - 

v — c v + c v — c v — gy 

14.219 A wide rectangular channel excavated from clean earth has a flow of 4 (m 3 /s)/m. Determine the minimum 
specific energy. 

I y c = (q 2 lg) V3 = (4 2 /9.807) 1,3 = 1.177 m E mia = (§)(y c ) = (§)(1.177) = 1.766 m 

14.220 Find the critical slope in Prob. 14.219, assuming water at 5 °C (e = 0.047 m). 

I s c =f/ 8 D h =4R = 4y c = (4) (1.177) = 4.708 m v = qly c = 4/1.177 = 3.398 m/s 

N r = D„v/v = (4.708)(3.398)/(1.52 x 10“ 6 ) = 1.05 x 10 7 e/D h = 0.047/4.708 = 0.010 
From Fig. A-5, / = 0.038 and so s c = 0.038/8 = 0.00475. 

14.221 Find the flow in a wide rectangular channel for which the critical depth is 3 m. 

I yc = (q 2 lg) 1 ' 3 3 = (<z79.807)’ /3 q = 16.27 (m 3 /s)/m 

14.222 By what factor does the Froude number of a wide rectangular channel increase when the depth is decreased by 
a factor of 3/4, keeping the mass flow fixed? 

f SineeJV f «)i' m , 

/4 \ 3/2 8 

facto' - (-) -^-1.54 



14.223 At a section in the rectangular channel shown in Fig. 14-57, the average velocity is 28.28 fps. Is the flow 
tranquil? 

f q = (Av)/b = [(10)(50)] (28.28) /50 = 282.8 cfs/ft y c = (q 2 /g) V3 = (282.8 2 /32.2) 1 ' 3 = 13.54 ft 
Since y c > 10 ft, flow is not tranquil but shooting. 


I 






10 ft 


50 ft 


Fig. 14-57 
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14.224 How deep is a flow of 5 (m J /s)/m in a wide rectangular channel having a critical slope of 0.002? The fluid is 
water at 5 °C. 

f Assume rough-flow zone: 

v = (8gsR/f)' a s c =f/8 0.002 =//8 / = 0.016 

5/[(l)(y)] = [(8)(9.807)(0.002)(y)/0.016] 1/2 y = 1.366 m 

14.225 Compute the minimum specific energy in an 8 -ft-wide channel through which 150 ft 3 /s of water is flowing, 

f gA 3 = bQ 2 (32.2)(8y c ) 3 = (8)(150) 2 y r = 2.218 ft E mi „ = AJ2b + y r 

£ min = (8)(2.218)/[(2)(8)] + 2.218 = 3.327 ft 

14.226 Find the critical slope of a rectangular finished-concrete channel of width 4 m that carries 3 m 3 /s of water at 5 °C 
(e =0001 m). 

I gA 3 = bQ 2 (9.807)(4y c ) 3 = (4)(3 ) 2 y c = 0.386 m s c =fpJ8b e/D„ = e/4R 

R = A/p w = (4)(0.386)/(0.386 + 4 + 0.386) = 0.3236 m 
e/D h = 0.001/[(4)(0.3236)] = 0.00077 

N k = D h v/v = (4 R)(Q/A)/v = (4)(0.3236){3/[(4)(0.386)]}/(1.52 x 10” 6 ) = 1.65 x 10 6 
From Fig. A-5,/ = 0.0186. s r = (0.0186)(0.386 + 4 + 0.386)/[(8)(4)] = 0.00277. 

14.227 What is the critical depth for a right triangular cross section for a flow of 4 m 3 /s? 
f See Fig. 14-58. 

gA 3 = bQ 2 b = (2)(y c tan 45°) = 2.0y c A — (y c )(y c tan 45°)=1.0y r 2 
(9.807)(1.0y?) 3 = (2.0y c )(4 ) 2 y c = 1.267 m 



Fig. 14-58 


14.228 What is the critical depth of a trapezoidal cross section for a flow of 10 m 3 /s? The width at the base is 3 m and 
angle 0 at the sides is 60°. 

I gA 3 = bQ 2 b = 3 + (2)(y c /tan 60°) = 3 + 1. ISSy, 

A = 3y c + (y c )(yj tan 60°) = 3 y c + 0.5774y 2 

(9.807)(3y c + 0.5774y 2 ) 3 = (3 + 1.155y c )(10) 2 y c = 0.976 m (by trial and error) 

14.229 Shown in Fig. 14-59 is a partially filled pipe discharging 450 cfs. What is the critical depth? 

f gA 3 = bQ 2 b = (2)(4 cos 0) = 8 cos 6 

A = [(jt)(8 2 /4)]/2 + [(tt)( 8 2 /4)](20/36O) + (§)(cos 0)(!)(sin 0 ) 

= 25.13 + 0.27930 + (16)(cos 0)(sin 0) 

(32.2)[25.13 + 0.27930 + (16)(cos 0)(sin 0 )] 3 = (8 cos 0)(45O ) 2 
0 = 20 .5° (by trial and error) 
y c = | + (f)(sin 20.5°) = 5.40 ft 
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Fig. 14-59 


14.230 Calculate the critical depth of the parabolic channel of Fig. 14-60, if the flow is 4 m 3 /s. 
f gA 3 = bQ 2 

A c = (2) r, dy = (2) [ y \yl2) in dy = 1.414[(I)(y) V2 fr 
Jo Jo 

= 1.414[(l)(y,H = 0.9427yf 

b=2x = (2)(VyJ2) = 1.414yi /2 

(9.807)(0.9427yf) 3 = (1.414yJ' 2 )(4) 2 y c = 1.288 m 



Fig. 14-60 


14.231 In Prob. 14.230, what is the critical slope for normal flow? The friction factor is 0.014. 

I s c = (/)( P w )c/8b. To eva luate (p w ) c , c onsider a differential length along the wett ed pe rim eter (ds in Fig. 
14-60): ds = Vdx 2 + dy i = Vl + (dy/dx) 2 dx. From Prob. 14.230, when y =y c , x= VyJ2 = Vl.288/2 = 

0.8025 m. 

r ^0.7470 

(Pw)c = J ds = (2) j Vi + (dy/dx) 2 dx y=2x 2 dy/dx = \x 

f .7470 /* 0.8025 

Vl + (4*) 2 dx = (8) \/a + x 2 )dx 

Jo 

= (l)l(*KVE+7) + re {log (X + VF^)}]? 8025 = 2-711 m 
b = (2)(0.8025) = 1.605 m s c = (0.014)(2.711)/[(8)(1.605)] = 0.002% 

14.232 At a section in the triangular channel of Fig. 14-61 the average velocity is 8 ft/s. Is the flow tranquil or shooting? 
f tan(45°/2) = (h/2)/10 b = 8.284 ft A = 10fc/2 = (10)(8.282)/2 = 41.41 ft 2 

Q = Av = (41.41)(8) = 331.3 ft 3 /s gA 3 .= b c Q 2 
tan (4572) = (b c /2)/y c b c = 0.8284y c 

= y c bJ2 = (y c )(0.8284y c )/2 = 0.4142y 2 
(32.2)(0.4142y 2 ) 3 = (0.8284y r )(331.3) 2 y c = 8.31 ft < 10 ft = y 

The flow is tranquil. 

14.233 Water is moving in Fig. 14-62 with a velocity of 1 ft/s and a depth of 3 ft. It approaches a smooth rise in the 
channel bed of 1 ft. What should the estimated depth be after the rise? The channel is rectangular. 

I E = q 2 /2y 2 g + y Q = Av = (3h)(l) = 3b q = Q/b =3b/b = 3cfs/ft 

E , = 3 2 /[(2)(3) z (32.2)] + 3 = 3.016 ft 
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Fig. 14-61 


Assuming no losses, E l = E 2 + 1, 3.016 = £ 2 + 1, £ 2 = 2.016 ft; y c = (q 2 /g) 113 = (3 2 /32.2) 1/3 = 0.654 ft. With 
surface elevation increasing, E must decrease. We must have one value of y which must be for tranquil flow. 
Hence, 2.016 = 3 2 /[(2)(y 2 ) 2 (32.2)] + y 2 , y 2 = 1.98 ft (by trial and error). 


Fig. 14-62 

14.234 In Fig. 14-63, a flow of 0.2 cfs flows over the rectangular channel of width 3 ft. If there is a smooth drop of 2 in, 
what is the elevation of the free surface above the bed of the channel after the drop? The velocity before the 
drop is 0.3 fps. 

I Q = Av 0.2 = (3y,)(0.3) y, = 0.2222 ft 

y c = (q 2 /g) m = [(0.2/3)732.2] ,,J = 0.05168 ft 

Since y c <y„ we have tranquil flow. E = q 2 /2y 2 g +y,E, = (0.2/3)7[(2)(0.2222) 2 (32.2)] + 0.2222 = 0.2236 ft. 
Assuming no losses, E 2 = E, + ^ = 0.2236 -t- y 2 = 0.3903 ft. We must have one depth downstream greater than 
y,: 0.3903 = (0.2/3)7[(2)(y 2 ) 2 (32.2)] + y 2) y 2 = 0.390 ft (by trial and error). 

0.3 ft/s 

Fig. 14-63 

14.235 Using the Powell equation, what quantity of liquid will flow in a smooth rectangular channel 2 ft wide, on a 
slope of 0.10 if the depth is 1.00 ft? Use v = 0.00042 ft 2 /s. 

f C = -42 log ( C/N r + e/R). For smooth channels, e/R is small and can be neglected; hence, 

C = 42 log (NJC) v = cVRs N r = 4 Rv/v = 4 RCy/Rs/v 
N r /C = (4)[(2)(1)/(1 + 2+ l)] 3/2 (0.010) 1/2 /0.00042 = 336.7 
C=(42)(log 336.7) = 106.1 

Q = CA\fRs = (106.1)[(2)(1)]V[(2)(1)/(1 +2+ 1)](0.010) = 15.0 ft 3 /s 

14.236 Determine C by the Powell equation for a 2 ft by 1 ft rectangular channel, if v = 5.50 fps, e/R = 0.0020, and 
v = 0.00042 ft 2 /s. 

I N r = ARv/v = (4)[(2)(1)/(1 + 2 + l)](5.50)/0.00042 = 26190 

C = -42 log ( C/N R + e/R) = (-42)[log (C/26190 + 0.0020)] C = 95 (by trial and error) 

14.237 Show a correlation between roughness factor / and roughness factor n. 

f Taking the Manning formula as a basis of correlation, C = VSgJf= lAS6R ll6 /n, l/Vf= 1.486R v6 /(nVSg), 
f = 8gn 2 /(2.208/? l/3 ). 

14.238 What is the average shear stress at the sides and bottom of a rectangular flume 12 ft wide, flowing 4 ft deep, and 
laid on a slope of 1.60 ft per 1000 ft? 

I 




r 0 = yRs = 62.4[(4)(12)/(4 + 12 + 4)](1.60/1000) = 0.240 lb/ft 2 
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14.239 What flow can be expected in a 4-ft-wide rectangular, concrete-lined channel laid on a slope of 4 ft in 10 000 ft, 
if the water flows 2 ft deep. Solve using the Manning formula with n = 0.015. 

f Q = (A)(1.486/n)(« 2/3 )(s 1/2 )= [(4)(2)](1.486/0.015)[(4)(2)/(2 + 4 + 2f 3 (4/10 000 ) 1/2 = 15.9 ft 3 /s 

14.240 Solve Prob. 14.239 using Kutter’s C. 

I Q^ACVRs s = 4/10 000 = 0.0004 R =A/p w = (4)(2)/(2 + 4 + 2) = 1.000 ft 

From Table A-15, with s = 0.0004, R = 1.000 ft, and n = 0.015, C = 98. Q = [(4)(2)](98)V(1.000)(0.0004) = 

15.7 ft7s. 

14.241 In a hydraulics laboratory, a flow of 14.56 cfs was measured from a rectangular channel flowing 4 ft wide and 2 ft 
deep. If the slope of the channel was 0.00040, what is the roughness factor for the lining of the channel? Solve 
using Kutter’s formula. 

I Q=ACVRs 14.56 = [(4)(2)](C)V[(4)(2)/(2 + 4 + 2)](0.00040) C = 91 

From Table A-15, by interpolation, n = 0.016. 

14.242 Solve Prob. 14.241 using Manning’s formula. 

| I Q = (A)(1.486/«)(/? 2,3 )(s 1/2 ) 

14.56 = [ (4) (2)] (1.486/n ) [(4)(2) / (2 + 4 + 2)] 2/3 (0.00040) 1/2 n= 0.0163 

14.243 On what slope should a 24-in vitrified sewer pipe be laid in order that 6.00 cfs will flow when the sewer is 

I half-full? Use n = 0.013. 

[ 1 Q = (A)(1.486/n)(fl 2 ' 3 ) 6.00 = [(|)(^r)(^) 2 /4](1.486/0.013)[(f|)/4] :2/3 (s) 1/2 s = 0.00281 

l 

14.244 What would the slope be in Prob. 14.243 if the sewer flows full? 

I Q = (A)(1.486/n)(K 2/3 )(s 1/2 ) 6.00 = [(*)(ft)74](1.486/0.013)[(g)/4] 2/3 (5) 1 ' 2 s = 0.000703 

; 14.245 A trapezoidal channel, bottom width 20 ft and side slopes 1 to 1, flows 4 ft deep on a slope of 0.0009. For a 
value of n = 0.025, what is the uniform discharge? 

f Q = (A)(1.486/n)(« 2/3 )(s 1/2 ) A = (20)(4) + (4)(4) = 96.00 ft 2 

p w = 20 + (2)(4)(V2) = 31.31 ft 
Q = (96.00)(1.486/0.025)(96.00/31.31) 2/3 (0.0009) 1/2 = 361 ft 3 /s 

14.246 Two concrete pipes (C = 100) must carry the flow from an open channel of half-square section 6 ft wide and 3 ft 
deep (C = 120). The slope of both structures is 0.00090. (a) Determine the diameter of the pipes, (b) Find the 
depth of water in the rectangular channel after it has become stabilized, if the slope is changed to 0.00160, using 
C = 120. 

I <«) _ Q channel Q pipes (ACVRs)channel - ( 2 )(AC\^) pipe 

[(3)(6)](120)V[(3)(6)/(3 + 6 + 3)](0.00090) = (2)[(nr)(D) 2 /4](100)V(D/4)(0.00090) D = 4.08 ft 
(b) Q = [(3)(6)](120)V[(3)(6)/(3 + 6 + 3)](0.00090) = 79.36 ft 3 /s 

79.36 = [(y)(6)](120)V[(y)(6)/(y + 6 + y)](0.001600) y = 2.39 ft (by trial and error) 

14J47 How deep will water flow at the rate of 240 cfs in a rectangular channel 20 ft wide, laid on a slope of 0.00010? 
Use n = 0.0149. 

f Q = (A)(1.486/n)(/? 2/3 )(s 1 ' 2 ) 240 = (20y)(l. 486/0.0149)[20y/(y + 20+y)f 3 (0.00010) 1/2 

y = 5.27 ft (by trial and error) 

14.248 How wide must a rectangular channel be constructed in order to carry 500 cfs at a depth of 6 ft on a slope of 
0.00040? Use n = 0.010. 

I 


Q = (A)(1.486/n)(fl 2/3 )(s 1/2 ) 500 = (6fc)(1.486/0.010)[6fi/(6 + b + 6)f 3 (0.00040) 1/2 

b = 13.1 ft (by trial and error) 
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14.249 A rectangular channel carries 200 cfs. Find the critical depth and the critical velocity for (a) a width of 12 ft and 
(ft) a width of 9 ft. (c) What slope will produce the critical velocity in (a) if n = 0.020? 

f (a) y c = (q 2 /g) i,3 =[(W/ 32.2] l/3 = 2.05 ft v c = = V(32.2)(2.05) = 8.13 ft/s 

(ft) y c = [( 2 § e ) 2 /32.2] ,/3 = 2.48 ft v c = V(32.2)(2.48) = 8.94 ft/s 

(c) v = (lA86/n)(R 2/3 )(s 1 ' 2 ) 8.13 = (1.486/0.020)[(12)(2.05)/(2.05 + 12 + 2.05)] 2/3 (j) 1/2 5 = 0.00680 

14.250 A trapezoidal channel with side slopes of 2 horizontal to 1 vertical is to carry a flow of 590 cfs. For a bottom 
width of 12 ft, calculate the (a) critical depth and ( b ) critical velocity. 

I (a) Q 2 lg=A*/b ft = 12 + 4y A = 12y+2y 2 

590 2 /32.2 = (12y + 2y 2 ) 3 /(12 + 4y) y =y c = 3.46 ft (by trial and error) 

(b) v c = Vg^Tft = V (32.2)[(12)(3.46) + (2)(3.46) 2 ]/[12 + (4)(3.46)] = 9.03 ft/s 

14.251 A trapezoidal channel has a bottom width of 20 ft, side slopes of 1 to 1, and flows at a depth of 3.00 ft. For 

n = 0.015, and a discharge of 360 cfs, calculate (a) the normal slope, (ft) the critical slope and critical depth for 
360 cfs, and (c) the critical slope at the normal depth of 3.00 ft. 

I (a) Q = (A)(1.486/n)(R 2/3 )(s 1/2 ) A = (20)(3) + (3)(3) = 69.00 ft 2 = 20 + (2)(V3 2 + 3 2 ) = 28.49 ft 

360 = (69.00)(1.486/0.015)(69.00/28.49) 2/3 (s) 1 ' 2 5 = 0.000853 

(ft) v c = VgAjb = V(32.2)(20y f + y 2 )/( 20 + 2 y e ) 

Also, 

v c = Q/A c — 360/(20y c + y 2 ) V(32.2)(20y c +y 2 )/(20 + 2y c ) = 360/(20y c + y 2 ) 

y c = 2.08 ft (by trial and error) 

360 = [(20)(2.08) + 2.08 2 ](1.486/0.015){[(20)(2.08) + 2.08 2 ]/[20 + (2)(V2.08 2 + 2.08 2 ]} 2/3 (5 c ) 1/2 5 C = 0.00291 

(c) v c = V(32.2)[(20)(3.00) + 3.00 2 ]/[20 + (2)(3.00)] = 9.24 ft/s v c = (1.486/h)(/? 2/3 )(s 1/2 ) 

9.24 = (1.486/0.015){[(20)(3.00) + 3.00 2 ]/[20 + (2)(V3.00 2 + 3.00 i ]} 2/3 (s c ) 1/2 5 C = 0.00267 

14.252 A rectangular channel, 30 ft wide, carries 270 cfs when flowing 3.00 ft deep, (a) What is the specific energy? (ft) 
Is the flow subcritical or supercritical? 

f (a) v = Q/A = 270/[(3.00)(30)] = 3.00 ft/s E = v 2 /2g +y = 3.000 2 /[(2)(32.2)] + 3.00 = 3.14 ft 
(ft) y, = (q 2 lg) m = [(^) 2 /32.2] 1/3 = 1.36 ft 

Since [y c = 1.36] < [y = 3.00], the flow is subcritical. 

14.253 A trapezoidal channel has a bottom width of 20 ft and side slopes of 2 horizontal to 1 vertical. When the depth 
of water is 3.50 ft, the flow is 370 cfs. (a) What is the specific energy? (ft) Is the flow subcritical or supercritical? 

I (a) A = (20)(3.50) + (3.50)[(2)(3.50)] = 94.50 ft 2 v = Q/A = 370/94.50 = 3.915 ft/s 

E = v 2 /2g + y = 3.915 2 /[(2)(32.2)] + 3.50 = 3.74 ft 

(ft) Q 2 /g=Allb 370 2 /32.2 = {20y c + (y c )[(2)(y c )]} 3 /[20 + (2)(2y c )] y c = 2.05ft (by trial and error) 
Since [y c = 2.05] < [y = 3.50 ft], the flow is subcritical. 

14.254 The discharge through a rectangular channel (n = 0.012) 15 ft wide is 400 cfs when the slope is 1 ft in 100 ft. Is 
the flow subcritical or supercritical? 

I yc = (« q 2 lg) m = [(t?) 2 /32.2] 1/3 = 2.81 ft Q = (A)(1.486/n)(/? 2/3 )(5 1/2 ) 

400 = [(15)(2.81)](1.486/0.012)[(15)(2.81)/(2.81 + 15 + 2M)f 2 (s c ) m s c = 0.00226 
Since [s c = 0.00226] < [5 = too], the flow is supercritical. 

14.255 A rectangular channel, 10 ft wide, carries 400 cfs. (a) Tabulate depth of flow against specific energy for depths 
from 1 ft to 8 ft. (ft) Determine the minimum specific energy, (c) What type of flow exists when the depth is 2 ft 
and when it is 8 ft? (d) For C = 100, what slopes are necessary to maintain the depths in (c)? 
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I (a) E = v 2 /2g + y = (Q/Af/2g + y = (Q/lOy) 2 /2g + y. For y =1 ft, £ = {400/[(10)(l)]} 2 /[(2)(32.2)] +1 = 
25.8 ft. For succeeding depths, 


ft 

E, ft 

1 

25.8 

2 

8.21 

3 

5.76 

4 

5.55 

5 

5.99 

6 

6.69 

7 

7.51 

8 

8.39 


(b) y c = (<Z 2 /gr = t(^’) 2 /32.2] 1/3 = 3.676 ft £ min = {400/[(10)(3.676)]} 2 /t(2)(32.2)] + 3.676 = 5.51 ft 

(c) Since [y = 2] < [y c = 3.676], the flow is supercritical for a 2-ft depth. Since [y = 8 ] > [y c = 3.676], the 
flow is subcritical for an 8 -ft depth. 

(d) Q = CAVRs. For a 2 -ft depth: 400 = (100)[(2)(10)]V[(2)(10)/(2 + 10 + 2 )](s), s = 0.0280. For an 8-ft 
depth: 400 = (100)[(8)(10)]V[(8)(10)/(8 + 10 + 8)](s), j = 0.000812. 

14.256 A rectangular flume (n = 0.012) is laid on a slope of 0.0036 and carries 580 cfs. For critical-flow conditions, what 
width is required? 

I y c = («*/*)“ = KQ/br/g] 113 . Try b = 8.0 ft: 

y c = [(580/8.0) 2 /32.2] 1,3 = 5.465 ft 
Q = (A)(1.486/n)(« 2/3 )(i 1 ' 2 ) = [(5.465)(8.0)](1.486/0.012) 

x [(5.465)(8.0)/(5.465 + 8.0 + 5.465)] 2/3 (0.0036) 1/2 = 568 ft 3 /s 

Try b = 8.5 ft: 

y c = [(580/8.5) 2 /32.2] 1/3 = 5.249 ft 

Q = [(5.249)(8.5)](1.486/0.012)[(5.249)(8.5)/(5.249 + 8.5 + 5.249)] 2/3 (0.0036) 1/2 = 586ft 3 /s 
Try b =8.33 ft: 

y c = [(580/8.33) 2 /32.2] 1/3 = 5.320 ft 

Q = [(5.320)(8.33)](1.486/0.012)[(5.320)(8.33)/(5.320 + 8.33 + 5.320)] 2/3 (0.0036)’ /2 = 580 ft 3 /s 
Hence, b = 8.33 ft. 


14.257 For a constant specific energy of 6.60 ft, what maximum flow may occur in a rectangular channel 10.0 ft wide? 
f y e - (§)(£) = (§)(6.60) = 4.40ft v c = Vgy c = V(32.2)(4.40) = 11.90 ft/s 

Cm*. = A c v c = [(10.0)(4.40)](11.90) = 524 ft 3 /s 


14.258 A rectangular channel, 20 ft wide, n = 0.025, flows 5 ft deep on a slope of 14.7 ft in 10 000 ft. A suppressed weir 
C, 2.45 ft high, is built across the channel (m = 3.45). Taking the elevation of the bottom of the channel just 
upstream from the weir to be 100.00 ft, estimate (using one reach) the elevation of the water surface at a point 
A, 1000 ft upstream from the weir. See Fig. 14-64. 

I Q = (A)(1.486/n)(K 2/3 )(s 1 ' 2 ) = [(20)(5)](1.486/0.025)[(20)(5)/(5 + 20 + 5)f 3 (14.7/10 000 ) 1/2 = 509 ft 3 /s 


Calculate the new elevation of the water surface at B (before dropdown). Note that the flow is nonuniform since 
the depths, velocities, and areas are not constant after the weir is installed. Estimate a depth of 6 ft just 
upstream from the weir (i.e., at B). v approach = Q/A = 509/[(20)(6)] = 4.24 ft. The applicable weir formula is 
Q = mb[(H + u 2 /2 gf a - (u 2 / 2 g) 3 % 


509 = 


(3.45)(20)j H + 


4.24 2 l 32 T 4.24 2 I 372 ] 
(2)(32.2)J " L(2)(32.2)J I 


H = 3.56 ft 


y B = 3.56 + 2.45 = 6.01 ft (estimated depth of 6 ft O.K.) 
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The new elevation at A must lie between 101.47 + 5 = 106.47 ft and 101.47 + 6 = 107.47 ft. Try an elevation of 
106.90 ft: 


(A a ) Bew = (20)(106.90 - 101.47) = 108.6 ft 2 (v A ) nev = Q/A = 509/108.6 = 4.69 ft/s 
Umean = (4.24 + 4.69)/2 = 4.46 ft/s y A = (106.90 - 101.47) = 5.43 ft 
R l[(6)(20) + 108.6] 

raean {[(6 + 20 + 6) + (5.43 + 20 + 5.43)] ' 

h L = (tm/1.486f? 2/3 ) 2 (L) = {(4.46)(0.025)/[(1.486)(3.637) 2/3 ]} 2 (1000) = 1.01 ft 


Check by the Bernoulli equation: v A /2g +z A = v%/2g + z B + h L , 4.69 2 /f(2)(32.2)] + 106.90 = 4.24 2 /[(2)(32.2)] + 
106.00 + 1.01, 107.24 = 107.29 (approximately). Further refinement is not necessary. Hence, use an elevation 
of 106.90 ft at A 



Fig. 14-64 


14.259 Develop a formula for the length-energy-slope relationship for nonuniform flow problems similar to Prob. 
14.258. 

f Energy at 1 - head loss = energy at 2, (z, + y, + v]/2g) - h L = (z 2 + y 2 + vl/2g). Let s = slope of the energy 
line and s 0 = slope of the channel bottom: s = hJL, h L = sL, s 0 = (z, - z 2 )/L, z,- z 2 = s 0 L. Therefore, 
s 0 L + (y, - y 2 ) + (v,/2g - v\/2g) =sL,L = [(yj + vj/2 g) - (y 2 + v 2 2 /2g)\/(s -s 0 ) = (E l ~ E 2 )/(s - s 0 ). 

14.260 A rectangular flume (n = 0.013) is 6 ft wide and carries 66 cfs of water. At a certain section F, the depth is 
3.20 ft. If the slope of the channel bed is constant at 0.000400, determine the distance from F where the depth is 
2.70 ft. (Use one reach.) 

f Assume the depth is upstream from F. Let subscript 2 refer to point F and subscript 1 to the other point. 

L = [(y 2 + vj/2g) - (y 2 + v 2 2 /2g)]/(s - s 0 ) A = (6)(2.70) = 16.20 ft 2 

t>i = Q/A, = 66/16.20 = 4.074 ft/s 
R = A/p w R , = 16.20/(2.70 + 6 + 2.70) = 1.421 ft 
A 2 = (6)(3.20) = 19.20 ft 2 v 2 = Q/A 2 = 66/19.20 = 3.438 ft/s 
R 2 = 19.20/(3.20 + 6 + 3.20) = 1.548 ft v mean = (4.074 + 3.438)/2 = 3.756 ft/s 
R mem = (1.421 + 1.548)/2 = 1.484 ft 

v = (1.486/n)(K 2/3 )(s 1/2 ) 3.756 = (1.486/0.013)(1.484) 2/3 (s) 1/2 j = 0.000638 

{2.70 4- 4.074 2 /[(2)(32.2)]} - (3.20 + 3.438 2 /[(2)(32.2)]> 

0.000638 - 0.000400 

The minus sign signifies that the section with the 2.70-ft depth is downstream from F, not upstream as assumed. 

14.261 A rectangular channel, 40 ft wide, carries 900 cfs of water. The slope of the channel is 0.00283. At section 1 the 
depth is 4.50 ft and at section 2, 300 ft downstream, the depth is 5.00 ft. What is the average value of roughness 
factor n? 

I L = [{y l +v\l2g)-{y 2 + vll2g)]l(s-s 0 ) A, = (40)(4.50) = 180.0 ft 2 

v, = Q/A, = 900/180.0 = 5.000 ft/s 
R = A/p w R ! = 180.0/(4.50 + 40 + 4.50) = 3.673 ft 
A 2 = (40)(5.00) = 200.0 ft 2 v 2 = Q/A = 900/200.0 = 4.500 ft/s 
R 2 = 200.0/(5.00 + 40 + 5.00) = 4.000 ft u mean = (5.000 + 4.500)/2 = 4.750 ft/s 





14.262 


14.263 
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300 = 


Rme*n = (3.673 + 4.000)/2 = 3.836 ft 
{4.50 + 5.000 2 /[(2)(32.2)]> - (5.00 + 4.500 2 /[(2)(32.2)]} 


v = (1.486/n)(R 2/3 )(s y2 ) 


j-0.00283 

4.750 = (1.486/n)(3.836) 2/3 (0.001409) 1 ' 2 


s = 0.001409 
n = 0.0288 


A rectangular channel, 20 ft wide, has a slope of 1 ft per 1000 ft. The depth at section 1 is 8.50 ft and at section 
2, 2000 ft downstream, the depth is 10.25 ft. If n = 0.011, determine the probable flow. 

I E =y + v 2 /1g + z £, = 8.50 + v 2 J2g + (2000)(^) E 2 = 10.25 + v\/2g + 0 

s = head loss/L = [(10.50 -10.25) + (v 2 J2g - u|/2g)]/2000 
Q = (A)(lA86/n)(R 2J3 )(s m ) 

Aj = (20)(8.50) = 170.0 ft 2 R = A/p w 
Ri = 170.0/(8.50 + 20 + 8.50) = 4.595 ft A 2 = (20)(10.25) = 205.0 ft 2 
R 2 = 205.0/(10.25 + 20 + 10.25) = 5.062 ft A mcan = (170.0 + 205.0)/2 = 187.5 ft 2 

R mcm = (4.595 + 5.062)/2 = 4.828 ft 

Assume 5 = 0.000144: Q = (187.5)(1.486/0.011)(4.828) 2/3 (0.000144) 1/2 = 868.3 ft 3 /s. Check on s: 

v l = QIA 1 = 868.3/170.0 = 5.108 ft/s vj/2g = 5.108 z /[(2)(32.2)] = 0.4052 ft 

v 2 = 868.3/205.0 = 4.236 ft/s 

vl/2g = 4.236 z /[(2)(32.2)] = 0.2786 ft j = [(10.50 - 10.25) + (0.4052 - 0.2786)]/2000 = 0.000188 

This value of s (0.000188) does not equal the assumed value (0.000144); hence, try s — 0.000210: 

Q = (187.5)(1.486/0.011)(4.828) 2/3 (0.000210) 1/2 = 1049 ft 3 /s. Check ons: 

Vl = Q/A t = 1049/170.0 = 6.171 ft/s v\/2g = 6.171 2 /[(2)(32.2)] = 0.5913 ft 
v 2 = 1049/205.0 = 5.117 ft/s 

vl/2g = 5.117 2 /[(2)(32.2)] = 0.4066 ft 5 = [(10.50 -10.25) + (0.5913 - 0.4066)]/2000 = 0.000217 

This is close to the assumed value of s of 0.000210; hence, approximate Q = 1050 ft 3 /s. 

A reservoir feeds a rectangular channel, 15 ft wide, n — 0.015, as shown in Fig. 14-65. At the entrance, the 
depth of water is 6.22 ft above the channel bottom. The flume is 800 ft long and drops 0.72 ft in this length. The 
depth behind a weir at the discharge end of the channel is 4.12 ft. Determine, using one reach, the capacity of 
the channel assuming the loss at the entrance to be Q.25v 2 J2g. 

I PAlY + v 2 J2g + z A =pJy + v 2 J2g + z 1 + h m 0 + 0 + 6 .22 = 0 + v 2 /2g + y, + Q.25v\/2g 

L = [{y\l2g + y 2 ) - (v 2 /2g + yi)]/($o - s) s = (nu/1.486/? 2 ' 3 ) 2 
Solve these equations by successive trials until L approximates or equals 800 ft. Try y a = 5.0 ft: 

6.22 = u?/[(2)(32.2)] + 5.0 + 0.25u?/[(2)(32.2)] u, = 7.928 ft/s 
q = y lVi = (5.0)(7.928) = 39.64 ft 3 /s/ft v 2 = q/y 2 = 39.64/4.12 = 9.621 ft/s 
v mea „ = (7.928 + 9.621)/2 = 8.774 ft/s 

= (15)(5.0)/(5.0 +15 + 5.0) = 3.000 ft R 2 = (15)(4.12)/(4.12 + 15 + 4.12) = 2.659 ft 

flmean = (3.000 + 2.659)/2 = 2.830 ft 
s = {(0.015)(8.774)/[(1.486)(2.830) 2/3 ]} 2 = 0.001960 
{(9.621) z /[(2)(32.2)] + 4.12} — {(7.928) z /[(2)(32.2)] + 5.0} 

0.72/800 - 0.001960 

Since L is not equal to 800 ft, try yj = 5.21 ft: 

6.22 = u?/[(2)(32.2)] + 5.21 + 0.25t>?/[(2)(32.2)] v x = 7.214 ft/s 
q =y lVl = (5.21)(7.214) = 37.58 ft 3 /s/ft 
v 2 = q/y 2 = 37.58/4.12 = 9.121 ft/s v mean = (7.214 + 9.121)/2 = 8.168 ft/s 
= (15)(5.21)/(5.21 + 15+5.21) = 3.074 ft 
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R 2 = (15)(4.12)/(4.12 +15 + 4.12) = 2.659 ft R mcm = (3.074 + 2.659)/2 = 2.866 ft 
s = {(0.015)(8.168)/[(1.486)(2.866) 2/3 ] } 2 = 0.001670 
{(9.121) 2 /[(2)(32.2)] + 4,12} - {(7.214)V[(2)(32.2)] + 5.21} 

0.72/800 - 0.001670 

L is not exactly equal to 800 ft, but additional computations (not shown here) show that 5.21 ft is the best value 
of y, to the nearest hundredth of a foot. Hence, Q = (37.58)(15) = 564 ft 3 /s. 




r Ac+ 


Fig. 14-65 

14.264 A rectangular concrete channel 15 ft wide carries water as shown in Fig. 14-66. The channel bed slope is 0.0010. 
Find the theoretical rate of flow in the channel. 

I v 2 J2g + d> + s 0 L = vl!2g + d 2 + sL u 1 = Q/[(15)(5.1)] = 0,013070 

u 2 =0/[(15)(3.9)] = 0.017090 

s « (no m /1.486f0 2 u m = (0.01307(2+0.017090/2 = 0.01508(2 R=A/p„ 

R , = (15)(5. l)/(5.1 + 15 + 5.1) = 3.036 ft R 2 = (15)(3.9)/(3.9 + 15 + 3.9) = 2.566 ft 

R m = (3.036 + 2.566)/2 = 2.801 ft 
s = {(0.013)(0.01508(2)/[(1.486)(2.801) 2 ' 3 ]} 2 = 4.408 x 10~ 9 (2 2 
(0.013070 z /[(2)(32.2)] + 5.1 + (0.0010)(1000) 

= (O.O17O90 2 /[(2)(32.2)] + 3.9 + (4.408 X 1O~ 9 0 2 )(1OOO) Q = 591 ft*/s 




Water surface 
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Fig. 14-66 


14.265 Water flowing at the normal depth in a rectangular concrete channel that is 12.0 m wide encounters an 

obstruction, as shown in Fig. 14-67, causing the water level to rise above the normal depth at the obstruction 
and for some distance upstream. The water discharge is 126 m 3 /s and the channel bottom slope is 0.00086. The 
depth of water just upstream from the obstruction ( d 0 ) is 4.55 m. Find the distance upstream to the point where 
the water surface is at the normal depth. 

I d c = (q 2 /g) 113 = [(126/12.0) 2 /9.807] 123 = 2.24 m Q = (A)(1.0/n)(R 2/3 )(s m ) 

126 = (12.0d)(1.0/0.013)[12.0d/(d +12.0 + d)] 2/3 (0.00086) 1/2 
2.256[12.0d/(d +12.0 + d)f° - 10.5/d = 0 
d = 2.95 m (by trial and error) 
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Since d > d c , flow is subcritical, and computations should proceed upstream. The problem now is to determine 
the distance from the point where the depth is 4.55 m to the point upstream where the depth is 2.95 m. This will 
be done in ten equal depth increments of 0.16 m. The computations are given in the table below. 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 


(8) 


v,m/s 


v z /2g, m 

R, m 



L, m 

d, m 

126 


(2) 1 

12.0 X (1) 

m 

■rxumuiairi 

[(4) + (l)] 2 -I(4) + (l)] 1 

12.0 X(l) 


12.0 + 2 X(l) 

IBs 

0.00086 -(7) 

4.55 

2.308 

2.350 

0.2716 

2.588 

2.562 

0.0002662 

-236 

4.39 

2.392 

2.437 

0.2917 

2.535 

2.508 

0.0002946 

-243 

4.23 

2.482 

2.531 

0.3141 

2.481 

2.453 

0.0003272 

-253 

4.07 

2.580 

2.633 

0.3394 

2.425 

2.396 

0.0003654 

-266 

3.91 

2.685 

2.743 

0.3676 

2.367 

2.338 

0.0004098 

-284 

3.75 

2.800 

2.863 

0.3997 

2.308 

2.277 

0.0004626 

-311 

3.59 

2.925 

2.993 

0.4362 

2.246 

2.214 

0.0005246 

-353 

3.43 

3.061 

3.136 

0.4777 

2.182 

2.150 

0.0005989 

-429 

3.27 

3.211 

3.294 

0.5257 

2.117 

2.083 

0.0006893 

-613 

3.11 

3.376 

3.468 

0.5811 

2.048 

2.013 

0.0007997 

-1580 

2.95 

3.559 


0.6458 

1.978 











-4568 m 


Hence, the answer to the problem is 4568 m. 


Upper end of 
the channel where 
the flow is uniform 


Fig. 14-67 

14.266 Water flows in a rectangular concrete channel that is 5.0 ft wide, as shown in Fig. 14-68a, at a discharge of 

16.5 cfs. Find the water-surface profile through the channel. 

f d c = (q 2 /g) m = [(16.5/5.0) 2 /32.2] 1/3 = 0.70 ft. In segment AB, 

Q = (A)(lAS6/n)(R V3 )(s m ) 

16.5 = (5.0d)(1.486/0.013)[5.0d/(d + 5.0 + d)f 3 (0.00040) ,/2 

2.286[5.0d/(d + 5.0 +d)] 2 ' 3 - 3.300/d = 0 d = 1.50 ft (by trial and error) 

Since d>d c , the flow in segment AB is subcritical. 

In segment BC, 

16.5 = (5.0d)(1.486/0.013)[5.0d/(d + 5.0 + d)f 3 (0.025) 1/2 
18.07[5.0d/(d + 5.0 + d)f 3 - 3.300/d = 0 
d = 0.38 ft (by trial and error) 

Since d<d c , the flow in segment BC is supercritical. 
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Figure 14-686 shows the location of the critical depth (the dashed line), which is constant throughout, along 
with the normal depths of flow in segment AB and segment BC. Obviously, the water-surface profile cannot 
drop instantaneously at point B from the normal depth in segment AB (1.50 ft) to the normal depth in segment 
BC (0.38 ft); there must be a transition zone on both sides of point B as shown by the dashed line in Fig. 

14-686. 

As a matter of fact, as the flow changes from subcritical to supercritical in going from segment AB to segment 
BC, it passes through the critical state at point B. Hence, the depth of flow at point B will be 0.70 ft. The 
problem now becomes one of determining the flow profile from the critical depth of 0.70 ft at point B upstream 
to the point where the normal depth of 1.50 ft is reached and downstream to the point where the normal depth 
of 0.38 ft is reached. These computations are carried out in the tables below. Each profile will be analyzed using 
five equal depth increments. 


For Segment AB 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 


ti,ft/s 


v 2 / 2 g,tt 

R,tt 


5 

L, ft 

d, ft 

16.5 

v„,ft/s 

(2) z 

5.0 X (1) 


r 0.013 X (3) l 2 

l(4) + (l)) 2 -[(4) + (l)] 1 

5.0 X (1) 

2 X 32.2 

5.0 + 2 X (1) 

U.«6X(6) 2 ' 3 J 

0.00040-(7) 

0.70 

4.714 

4.276 

0.3451 

0.5469 

0.5934 

0.0028063 

-18 

0.86 

3.837 

3.536 

0.2286 

0.6399 

0.6822 

0.0015934 

-79 

1.02 

3.235 

3.016 

0.1625 

0.7244 

0.7630 

0.0009985 

-199 

1.18 

2.797 

2.630 

0.1215 

0.8016 

0.8370 

0.0006711 

-489 

1.34 

2.463 

2.332 

0.0942 

0.8724 

0.9050 

0.0004755 

-1868 

1.50 

2.200 


0.0752 

0.9375 





For Segment BC 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 


v,ft/ s 


v 2 /2g,ft 

it, ft 


s 

i.,ft 

d,tt 

16.5 

" m . f»/s 

(2) 2 

5.0 X (1) 

B m ,tt 

r 0.013 X (3) ] 2 

[(4) + (1)] 2 — [(4) + (1)], 

5.0 X (1) 

2 X 32.2 

5.0 + 2 X (1) 

[_1.486 X (6) 2/3 J 

0.025-(7) 

0.70 

4.714 

4.935 

0.3451 

0.5469 

0.5283 

0.004364 

0.4 

0.64 

5.156 

5.473 

0.4128 

0.5096 

0.4869 

0.005985 

2.0 

0.57 

5.789 

6.130 

0.5204 

0.4642 

0.4439 

0.008493 

4.2 

0.51 

6.471 

6.986 

0.6502 

0.4236 

0.3989 

0.012720 

12.5 

0.44 

7.500 

8.092 

0.8734 

0.3741 

0.3520 

0.020164 

49.1 

0.38 

8.684 


1.1710 

0.3299 





Based on the values computed above, the water-surface profile is illustrated in Fig. 14-68c. 


14.267 Prepare a computer program to solve nonuniform flow problems like those of Probs. 14.265 and 14.266. The 
program should handle data in both the English Gravitational Unit System and the International System of 
Units. 
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c 
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c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

c 

, c 
c 
c 
c 
c 
c 
c 
c 


THIS PROGRAM DETERMINES THE FLOW PROFILE FOR A NON-UNIFORM FLOW 
IN A RECTANGULAR OPEN CHANNEL. IT CAN BE USED FOR PROBLEMS IN 
BOTH THE ENGLISH SYSTEM OF UNITS AND THE INTERNATIONAL SYSTEM OF 
UNITS. 


THE PROGRAM CONSIDERS TWO ADJACENT CHANNEL SEGMENTS. CONSIDER 
ONE SEGMENT TO GO FROM POINT "A" TO POINT "B" AND THE OTHER 
SEGMENT TO GO FROM POINT "B" TO POINT "C" IN THE DOWNSTREAM 
DIRECTION. THE PROGRAM COMPUTES THE FLOW PROFILE IN SEGMENT AB 
IN THE UPSTREAM DIRECTION (I.E., FROM "B" TO "A") BASED ON SUB- 
CRITICAL FLOW IN SEGMENT AB AND THE FLOW PROFILE IN SEGMENT BC IN 
THE DOWNSTREAM DIRECTION (I.E., FROM "B" TO "C") BASED ON SUPER¬ 
CRITICAL FLOW IN SEGMENT BC. THE PROGRAM CAN BE USED EITHER FOR 
TWO SEGMENTS AS DESCRIBED ABOVE OR FOR A SINGLE’SEGMENT WITH 
COMPUTATIONS TO PROCEED UPSTREAM (SEGMENT AB) OR DOWNSTREAM (SEG¬ 
MENT BC), AS DESIRED. IN THE CASE OF A SINGLE SEGMENT, ENTER DATA 
FOR SEGMENT AB IF FLOW IS SUBCRITICAL AND FOR SEGMENT BC IF FLOW 
IS SUPERCRITICAL. 


THIS PROGRAM IS BASED ON CONSTANT CHANNEL WIDTH, CONSTANT FLOW 
RATE, AND CONSTANT MANNING N-VALUE THROUGHOUT AND ON A SEPARATE 
CONSTANT CHANNEL SLOPE IN EACH OF SEGMENTS AB AND BC. 

INPUT DATA MUST BE SET UP AS FOLLOWS. 


CARD 1 


CARD 2 


COLUMN 1 


COLUMN 2 


COLUMNS 3-5 

COLUMNS 6-80 
COLUMNS 1-10 

COLUMNS 11-20 

COLUMNS 21-30 

COLUMNS 31-40 

COLUMNS 41-50 


COLUMNS 51-60 
COLUMNS 61-70 


ENTER 0 (ZERO) OR BLANK IF THE ENGLISH 
SYSTEM OF UNITS IS TO BE USED. ENTER 1 
(ONE) IF THE INTERNATIONAL SYSTEM OF 
UNITS IS TO BE USED. 

ENTER 1 (ONE) IF ONLY A SINGLE UPSTREAM 
COMPUTATION IS DESIRED. (IN THIS CASE, 
ENTER DEPTHS AT POINTS A AND B AND SLOPE 
IN SEGMENT AB. LEAVE DEPTH AT POINT C 
AND SLOPE IN SEGMENT BC BLANK.) ENTER 2 
(TWO) IF ONLY A SINGLE DOWNSTREAM COM¬ 
PUTATION IS DESIRED. (IN THIS CASE, ENTER 
DEPTHS AT POINTS B AND C AND SLOPE IN 
SEGMENT BC. LEAVE DEPTH AT POINT A AND 
SLOPE IN SEGMENT AB BLANK.) ENTER 3 
(THREE) IF COMPUTATIONS FOR BOTH SEGMENTS 
ARE DESIRED. (IN THIS CASE, ENTER DEPTHS 
AT POINTS A, B, AND C AND SLOPES IN SEG¬ 
MENTS AB AND BC.) 

ENTER INTEGER NUMBER (RIGHT ADJUSTED) 
GIVING NUMBER OF LENGTH INCREMENTS TO BE 
USED IN COMPUTING THE FLOW PROFILE IN 
EACH SEGMENT. 

ENTER TITLE, DATE, AND OTHER INFORMATION, 
IF DESIRED. 

ENTER NUMBER INCLUDING DECIMAL GIVING 
WIDTH OF RECTANGULAR CHANNEL (IN FEET OR 
METERS) . 

ENTER NUMBER INCLUDING DECIMAL GIVING 
FLOW RATE (IN CUBIC FEET PER SECOND OR 
CUBIC METERS PER SECOND). 

ENTER NUMBER INCLUDING DECIMAL GIVING 
DEPTH AT POINT A (IN FEET OR METERS). 

THIS VALUE MAY BE LEFT BLANK, IN WHICH 
CASE THE "NORMAL DEPTH” IN SEGMENT AB 
WILL AUTOMATICALLY BE USED. 

ENTER NUMBER INCLUDING DECIMAL GIVING 
DEPTH AT POINT B (IN FEET OR METERS) . 

THIS VALUE MAY BE LEFT BLANK, IN WHICH 
CASE THE "CRITICAL DEPTH" WILL AUTO¬ 
MATICALLY BE USED. 

ENTER NUMBER INCLUDING DECIMAL GIVING 
DEPTH AT POINT C (IN FEET OR METERS) . 

THIS VALUE MAY BE LEFT BLANK, IN WHICH 
CASE THE "NORMAL DEPTH" IN SEGMENT BC 
WILL AUTOMATICALLY BE USED. 

ENTER NUMBER INCLUDING DECIMAL GIVING 
CHANNEL SLOPE IN SEGMENT AB. 

ENTER NUMBER INCLUDING DECIMAL GIVING 
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C CHANNEL SLOPE IN SEGMENT BC. 

C COLUMNS 71-80 ENTER NUMBER INCLUDING DECIMAL GIVING 

C MANNING N-VALUE. 

C 

Cl MULTIPLE DATA SETS FOR SOLVING ANY NUMBER OF PROBLEMS MAY BE 
C INCLUDED FOR PROCESSING. 

C 

COMMON DMID,DUP,NSEG,Q,W,N,COEFF,G,SUP 
DIMENSION TITLE(13) 

REAL N 

INTEGER UNITS,CODE 

1 READ(5,100,END=2)UNITS,CODE,NS EG,TITLE 

100 FORMAT(2ll,13,12A6,A3) 

WRITE(6,106)TITLE 

106 FORMAT('I',12A6,A3,////) 

READ(5,101)W,Q,DUP,DMID,DDOWN,SUP,SDOWN,N 

101 FORMAT(8F10.0) 

COEFF=1.486 

IF(UNITS.EQ.1)COEFF-1.0 
G=32.2 

IF(UNITS.EQ.1)G-9.807 

IF(DMID.LT.0.0001)DMID-((Q/W)“2/G) “ (1.0/3.0) 

IF(CODE.EQ.2)GO TO 110 

IF(DUP.LT.0.0001)DUP=DNORM(W,Q,SUP,N,COEFF) 

IF(CODE.EQ.1)GO TO 109 

110 IF (DDOWN.LT.0.0001) DDOWN=DNORM (W,Q,SDOWN,N,COEFF) 

IF(CODE.EQ.2)GO TO 105 
109 Xl=' UPST’ 

X2*'REAM ' 

IF(UNITS.EQ.0)WRITE(6,107)XI,X2,W,Q,DUP,DMID,SUP,N 

107 FORMAT(IX,'GIVEN DATA FOR ' ,2A5,’ FLOW PROFILE FOR A RECTANGULAR 
‘OPEN CHANNEL',//5X,'WIDTH OF CHANNEL =',F7.1,' FT',6X,'FLOW RATE O 
*F WATER =' ,F7.1,' CU FT/S',//5X,’DEPTH OF WATER AT UPSTREAM END OF 

* SEGMENT =' ,F7.2 , ' FT',//5X,'DEPTH OF WATER AT DOWNSTREAM END OF S 
‘EGMENT =',F7.2,' FT',//5X,'SLOPE =',F10.7,20X,'MANNING N-VALUE =', 
*F6.3,///IX,'THE FLOW PROFILE WITHIN THE SEGMENT IS GIVEN IN THE TA 
»BLE BELOW'///4X,'DEPTH (FT)', 10X,'VELOCITY (FT/S)', 10X,'LENGTH OF 
‘SUBSEGMENT (FT)') 

IF(UNITS.EQ.1(WRITE(6,108)XI,X2,W,Q,DUP,DMID,SUP,N 

108 FORMAT (IX,'GIVEN DATA FOR ' ,2A5,' FLOW PROFILE FOR A RECTANGULAR 
‘OPEN CHANNEL' ,//5X,'WIDTH OF CHANNEL =',F7.1,' M',6X,'FLOW RATE OF 

* WATER =’ ,F7.1 , ' CU M/S’,//5X,'DEPTH OF WATER AT UPSTREAM END OF S 
‘EGMENT =' ,F7.2 , ' M' ,//5X,'DEPTH OF WATER AT DOWNSTREAM END OF SEGM 
‘ENT =',F7.2,' M',//5X,'SLOPE =',F10.7,20X,'MANNING N-VALUE =', 

*F6.3,///IX,'THE FLOW PROFILE WITHIN THE SEGMENT IS GIVEN IN THE TA 
*BLE BELOW'///4X,'DEPTH (M) ',1 OX,'VELOCITY (M/S) ',1 OX,'LENGTH OF SU 
‘BSEGMENT (M)') 

CALL LENGTH 
IF(CODE.EQ.])GO TO 1 
105 XI='DOWNS' 

X2='TREAM' 

IF(UNITS.EQ.0)WRITE(6,107)X1,X2,W,Q,DMID,DDOWN,SDOWN,N 

IF (UNITS. EQ. 1) WRITE (6,108) XI ,X2,W,Q, DMID, DDOWN, SDOWN.N 

DUP=DDOWN 

SUP=SDOWN 

CALL LENGTH 

GO TO 1 

2 STOP 
END 

FUNCTION DNORM(W,Q,S,N,COEFF) 

D=0.001 

TRY 1 =COEFF/N* (W*D/(W+2.0*D))“(2.0/3.0) *SQRT (S) -Q/W/D 
104 D=D+0.001 

TRY2=COEFF/N*(W*D/(W+2.0*D) ) “(2.0/3.0) *SQRT (S)-Q/W/D 
IF(TRY 1*TRY2)102,102,103 
103 TRY 1=TRY2 
GO TO 104 

102 DNORM=D-0.0005 
RETURN 

END 

SUBROUTINE LENGTH 

COMMON DMID,DUP,NSEG,Q,W,N,COEFF,G,SUP 
DINC=(DMID-DUP)/FLOAT(NSEG) 
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14.268 


D1=DMID 

TOTAL=0.0 

DO 102 J=1,NSEG 

D2=D1-DINC 

V1=Q/W/D1 

V2=Q/W/D2 

VMEAN=(Vl+V2)/2.0 

V2G1=V1**2/2.0/G 

V2G2=V2**2/2.0/G 

HR1=W*D1/(W+2.0*D1) 

HR2=W*D2/(W+2.0*D2) 

HRMEAN=(HR1+HR2)/2.0 

SMEAN=(N*VMEAN/COEFF/HRMEAN**(2.0/3.0 ))**2 
SEGL=(V2G2+D2-(V2G1+D1))/(SUP-SMEAN) 
TOTAL=TOTAL+SEGL 
WRITE(6,103)D1,V1,SEGL 

103 FORMAT{IX,F10.2,11X,F12. 3, /55X*, F 8 .1) 

102 D1=D2 

WRITE(6,103)D2,V2 
WRITE(6,104)TOTAL 

104 FORMAT(4IX,'TOTAL LENGTH = ',F8.1,//) 

RETURN 

END 


Solve Prob. 14.265 using the computer program developed in Prob. 14.267. 

f Input 


11 inCKUDTP JAM AT OOTP n _____ 


11 10SAMPLE ANALYSIS 0F PROFILE IN N0N-UNIF0RM FL0W 
12.0 126.0 4.55 0.00086 


0.013 


Output 

SAMPLE ANALYSIS OF PROFILE IN NON-UNIFORM FLOW 


GIVEN DATA FOR UPSTREAM FLOW PROFILE FOR A RECTANGULAR OPEN CHANNEL 
WIDTH OF CHANNEL = 12.0 M FLOW RATE OF WATER = 126.0 CU M/S 

DEPTH OF WATER AT UPSTREAM END OF SEGMENT = 2.95 M 

DEPTH OF WATER AT DOWNSTREAM END OF SEGMENT = 4.55 M 

SLOPE = 0.0008600 MANNING N-VALUE = 0.013 

THE FLOW PROFILE WITHIN THE SEGMENT IS GIVEN IN THE TABLE BELOW 


DEPTH (M) 

4.55 

VELOCITY (M/S) 

2.308 

LENGTH OF SUBSEGMENT 

4.39 

2.392 

-235.2 

4.23 

2.482 

-242.8 

4.07 

2.579 

-252.6 

3.91 

2.685 

-265.6 

3.75 

2.799 

-283.6 

3.59 

2.924 

-309.9 

3.43 

3.060 

-351.8 

3.27 

3.209 

-427.9 

3.11 

3.374 

-607.7 

2.9S 

3.556 

-1530.9 


TOTAL LENGTH = -4508.0 
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14.269 Solve Prob. 14.266 using the computer program developed in Prob. 14.267. 

f Input 

* tt«M2t»t41S1*ini1«aQlf 21>ll42S»)73l2*»lf n))MUM17M)9404'41 41444t444?««SM1M>]S4$SUirW»»4««tm»«4*>Mt7tt49»?mm4?S»nitfM» 

03 5SAMPLE ANALYSIS 0F PR0FILE IN N0N-UNIF0RM FL0W 

5.0 16.5 0.00040 0.025 0.013 

Output 

SAMPLE ANALYSIS OF PROFILE IN NON-UNIFORM FLOW 

GIVEN DATA FOR UPSTREAM FLOW PROFILE FOR A RECTANGULAR OPEN CHANNEL 

WIDTH OF CHANNEL = 5.0 FT FLOW RATE OF WATER = 16.5 CU FT/S 

DEPTH OF WATER AT UPSTREAM END OF SEGMENT = 1.50 FT 

DEPTH OF WATER AT DOWNSTREAM END OF SEGMENT = 0.70 FT 

SLOPE = 0.0004000 MANNING N-VALUE = 0.013 


THE FLOW PROFILE WITHIN THE SEGMENT IS GIVEN IN THE TABLE BELOW 


DEPTH (FT) 

0.70 

VELOCITY (FT/S) 
4.736 

0.86 

3.845 

1.02 

3.236 

1.18 

2.793 

1.34 

2.457 

1.50 

2.193 


LENGTH OF SUBSEGMENT (FT) 
-17.6 
-78.9 
- 201.2 
-501.2 
-1986.4 

TOTAL LENGTH = -2785.2 


GIVEN DATA FOR DOWNSTREAM FLOW PROFILE FOR A RECTANGULAR OPEN CHANNEL 


WIDTH OF CHANNEL = 5.0 FT FLOW RATE OF WATER = 16..5.CU FT/S 

DEPTH OF WATER AT UPSTREAM END OF SEGMENT = 0.70 FT 

DEPTH OF WATER AT DOWNSTREAM END OF SEGMENT = 0.38 FT 

SLOPE = 0.0250000 MANNING N-VALUE = 0.013 


THE FLOW PROFILE WITHIN THE SEGMENT IS GIVEN IN THE TABLE BELOW 


DEPTH (FT) 

0.70 

VELOCITY (FT/S) 

4.736 

0.63 

5.208 

0.57 

5.783 

0.51 

6.501 

0.44 

7.423 

0.38 

8.650 


LENGTH OF SUBSEGMENT (FT) 
0.5 
1.9 
4.5 
11.0 
46.1 

TOTAL LENGTH = 63.9 
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14.270 A rectangular channel 12.0 m wide is laid on a slope of 0.0028. The depth of flow at one section is 1.50 m, while 
the depth of flow at another section 500 ft downstream is 1.80 m. Determine the probable rate of flow, if 
n =0.026. 


I Q= A m v m = (A m )(1.0/n)R%?s 1 ' 2 A m = [(12.0)(1.50) + (12.0)(1.80)]/2 = 19.8 m 2 

R m = t(12.0)(1.50)/(1.50 + 12.0 + 1.50) + (12.0)(1.80)/(1.80 + 12.0 + 1.80)]/2 = 1.29 m 

Q = (19.8)(1.0/0.026)(1.29) 2 V' 2 = 902.4 4s m ( 1) 

v\ag + d, + s 0 L = v\ng + d 2 + sL v,= Q/A , = Q/[(12.0)(1.50)] = Q/ 18.0 

v 2 = Q/A 2 = e/t(12.0)(1.80)] = Q/ 21.6 

(Q/18.0)7[(2)(9.807)] + 1.50 + (0.0028)(500) = (Q/21.6)7[(2)(9.807)] + 1.80 + 500s (2) 

Substituting (1) into (2) gives (902.44r 1/ 7l8.0) 2 /[(2)(9.807)J + 1.50 + 1.40 = (902.44? ,/2 /21.6) 2 [(2)(9.807)] + 

1.80 + 50Qr, 460.8s = 1.10, s= 0.002387; Q = (902.44)(0.002387) 1 ' 2 = 44.1 m 3 /s. 


14.271 Solve Prob. 14.265 using five equal depth increments to determine the distance upstream to the point where the 
water surface is at the normal depth. Compare the answer with the one obtained in Prob. 14.265. 

f Using data found in Prob. 14.265, 


d 

V 

v m 

v 2 /2g 

R 

R m 

** 

L,m 

4.55 

2.308 


0.2716 

2.588 






2.395 



2.535 

0.0002805 

-479 

4.23 

2.482 


0.3141 

2.481 






2.584 



2.424 

0.0003465 

-519 

3.91 

2.685 


0.3676 

2.367 






2.805 



2.307 

0.0004362 

-593 

3.59 

2.925 


0.4362 

2.246 






3.068 



2.182 

0.0005621 

-774 

3.27 

3.211 


0.5257 

2.117 






3.385 



2.048 

0.0007446 

-1732 

2.95 

3.559 


0.6458 

1.978 











-4097 


The answer using five increments is (4568 - 4097)/4568 = 0.103, or 10.3 percent smaller than that using ten 
increments. 


14.272 Water flows in a rectangular concrete channel similar to the one depicted in Fig. 14-68a. If the channel width is 
3.0 ft and the discharge is 12.0 cfs, determine the water-surface profile throughout the channel shown. 

I d c = {(Q/B) 2 /g} >/3 = [(12.0/3.0)732.2] w = 0.79 ft Q=Av = (A)(1.486/n)(R 2/3 )(s ,/2 ) 

12.0 = (3.0d /4a )(1.486/0.013)[3.0d / j B /(3.0 + 2d AB )f 3 (0.00052) ,/2 


By trial and error, d AB = 1.76 ft. 12.0 = (3.0rf flC )(1.486/0.013)[3.0<W(3.0 + 2d flc )] 2/3 (0.030) 1 ' 2 . By trial and 
error, d BC = 0.42 ft. Hence, the water-surface profile changes from the normal depth in segment AB (1.76 ft) to 
the critical depth at B (0.79 ft) to the normal depth in segment BC (0.42 ft). 
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For Segment AB (B to A) 


d 

V 

v m 

v 2 /2g 

R 

Rn. 


L, ft 

0.79 

5.063 

4.572 

0.398 

0.517 

0.555 

0.003508 

-17 

0.98 

4.082 

3.736 

0.259 

0.593 

0.626 

0.001995 

-81 

1.18 

3.390 

3.155 

0.178 

0.660 

0.688 

0.001254 

-1% 

1.37 

2.920 

2.734 

0.132 

0.716 

0.742 

0.0008516 

-510 

1.57 

2.548 

2.410 

0.101 

0.767 

0.788 

0.0006107 

-1863 

1.76 

2.273 


0.080 

0.810 





For Segment BC (B to C) 


d 

V 

v m 

v*l2g 

R 


** 

L, ft 

0.79 

5.063 

5.310 

0.398 

0.517 

0.502 

0.005409 

0.4 

0.72 

5.556 

5.903 

0.479 

0.486 

0.468 

0.007340 

2.1 

0.64 

6.250 

6.634 

0.607 

0.449 

0.431 

0.010346 

4.5 

0.57 

7.018 

7.591 

0.765 

0.413 

0.391 

0.015425 

13.0 

0.49 

8.163 

8.844 

1.035 

0.369 

0.349 

0.024362 

53.7 

0.42 

_ 

9.524 


1.408 

0.328 





14.273 In Fig. 14-69, 400 cfs flows through the transition. The rectangular section is 8 ft wide and y t = 8 ft. The 

trapezoidal section is 6 ft wide at the bottom with side slopes 1:1, and y 2 = 7.5 ft. Determine the rise z in the 
bottom through the transition. 

f v 2 il2g+y i = vl/2g+y 2 + z + E 1 u, = Q!A X = 400/[(8)(8)] = 6.250 ft/s 

v 2 = 400/[(6)(7.5) + (7.5)(7.5)] = 3.951 ft/s 
E, = (0.3)(u?/2g - v\/2g) = (0.3){6.250 2 /[(2)(32.2)] - 3.951 2 /[(2)(32.2)]} =0.109 ft 
6.250 z /[(2)(32.2)] + 8 = 3.951 2 /[(2)(32.2)] + 7.5 + z + 0.109 z = 0.755 ft 



Fig. 14-69 


14.274 In a critical-depth meter 2 m wide with z = 0.3 m, the depth yi is measured to be 0.75 m. Find the discharge. 

I q = (0.517)(g 1/2 )[y, - z + (0.55/g)(<7 2 /y 2 )] 3 ' 2 . Initially, neglect the last term in the equation above, q = 
(0.517)(9.807) 1 ' 2 (0.75 - 0.3) 3 ' 2 = 0.489 (m 3 /s)/m. Now, try q = 0.500 (m 3 /s)/m in the whole equation: 
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q = (0.517)(9.807) 1,2 [0.75 -0.3 + (0.55/9.807)(0.500 2 /0.75 2 )] 3/2 = 0.530 (m 3 /s)/m. Try q = 0.536 (m 3 /s)/m: q = 
(0.517)(9.807) 1,2 [0.75 - 0.3 + (0.55/9.807)(0.536 2 /0.75 2 )] 3/2 = 0.536 (m 3 /s)/m, Q = (0.536)(2) = 1.07 m 3 /s. 

14.275 At section 1 of a canal, the cross section is trapezoidal with bottom width = 10 m, depth y, = 7 m, and side 
slopes of 2 horizontal to 1 vertical. At section 2, 200 m downstream, the bottom is 0.08 m higher than at section 
1, b 2 = 15 m, and side slopes are 3 horizontal to 1 vertical (Q = 200 m 3 /s and n = 0.035). Determine the depth of 
water at section 2. 

I A L = [(vl - vj)/2g +y 1 -y 2 ]/(s -s 0 ) s = (nQ/l.OAR 2 ' 3 ) 2 

Tryy = 6.92 m: 

A, = (10)(7) + (7)[(2)(7)] = 168.0 m 2 A 2 = (15)(6.92) + (6.92)[(3)(6.92)] = 247.5 m 2 
A avg = (168.0 + 247.5)/2 = 207.8 m 2 R=A/p w (p w ) t = 10 + (2)(7)(V2 2 + 1) = 41.30 m 
{p w ) 2 = 15 + (2)(6.92)(V3 2 + 1) = 58.77 m (p w ), vg = (41.30 + 58.77)/2 = 50.04 m 

R = 207.8/50.04 = 4.153 m 

s = {(0.035)(200)/[(1.0)(207.8)(4.153) 2/3 ]} 2 = 0.0001700 
u, = Q/A, = 200/168.0 = 1.190 m/s v 2 = 200/247.5 = 0.8081 m/s 
(1.190 2 - 0.8081 2 )/[(2)(9.807)] + 7 — 6.92 
0.0001700 - (-0.08/200) 

This value of A L (209 m) is not equal to the given value (200 m). However, reworking the problem with 
y 2 = 6.93 m (not shown) yields a value of A L of 191 m. Thus y 2 must be approximately 6.925 m. 


14.276 A trapezoidal channel, b = 3 m, side slopes of 1:1, n = 0.014, s 0 = 0.001, carries 28 m 3 /s. If the depth is 3 m at 
section 1, determine the water-surface profile for the next 700 m downstream. 


I To determine whether the depth increases or decreases, the slope of the energy grade line must be 
computed. 

A = (3)(3) + (3)(3) = 18.00 m 2 R = A/p w = 18.00/[3 + (2)(3)(Vl 2 + l 2 )] = 1.567 m 
5 = (nQ/l.OAR 2 ' 3 ) 2 = {(0.014)(28)/[(1.0)(18.00)(1.567) 2/3 ]} z = 0.0002606 
(Q 2 /gA 3 c )(T c ) = {28 2 /[(9.807)(18.00) 3 ]} (9) = 0.1234 

Since ( Q 2 /gAl)(T c ) < 1.0, the depth is above critical. With the depth greater than critical and the energy grade 
line less steep than the bottom of the channel, the specific energy is increasing. When the specific energy 
increases above critical, the depth of flow increases, y is then positive. 


L = 


s o -{nQll.0AR™) 2ay 


f 1 - (28 2 )(7~)/[(9.807)(A) 3 ] 
l 3 0.001 - {(0.014)(28)/[(1.0)(A/? 2/3 )]} 2 ° y 


-r 


1-79.94T/A 3 


J 3 0.001 - [0.1537/(A 2 f? 4/3 )] 
The following table evaluates the terms of the integrand: 


dy 


■ 

A 

P 

R 

■ 

numerator 

10 6 X 

denominator 

F(y) 

L 


18 

11.48 

1.57 

9 


739 

1185 

0 


19.84 


1.65 

9.4 


799 

1131 

231.6 


21.76 

12.62 

1.72 

9.8 


843 

B 

454.3 


23.76 

13.18 

1.80 

10.2 


876 

■SB 

671.1 

3.8 

25.84 

13.75 

1.88 

10.6 

0.9509 

901 

mm 

883.9 


The integral J F(y) dy can be evaluated by plotting the curve and taking the area under it between y = 3 and 
the following values of y. As F(y) does not vary greatly in this example, the average of F(y) can be used for 
each reach (the trapezoidal rule); and when it is multiplied by Ay, the length of reach is obtained. Between 
y = 3 and y = 3.2, [(1185 + 1131)/2](0.2) = 231.6. Between y = 3.2 and y = 3.4, [(1131 + 1096)/2](0.2) = 222.7 
and so on. Five points on it are known, so the water surface can be plotted. 
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14.277 After contracting below a sluice gate, water flows onto a wide horizontal floor with a velocity of 15 m/s and a 
depth of 0.7 m. Find the equation for the water-surface profile (n = 0.015). 

I * = -,(4)(1.0 lnq)\y™-y™) + (3/4g)(1.0/n) 2 (y 4 ' 3 -y?) 

q = (0.7)(15) = 10.5 (m 3 /s)/m 

x = -(^){1.0/[(0.015)(10.5)]} 2 (y 13/3 - 0.7 13/3 ) + {3/[(4)(9.807)]}(1.0/0.015) 2 (y 4/3 - 0.7 4/3 ) 

= —9.303y 13/3 + 339.9y 4/3 - 209.3 

y c = (?7g) 1/3 = (10.5 2 /9.807) 1/3 = 2.240 m 

The depth must increase downstream, since the specific energy decreases, and the depth must move toward the 
critical value for less specific energy. The equation does not hold near the critical depth because of vertical 
accelerations that have been neglected in the derivation of gradually varied flow. If the channel is long enough 
for critical depth to be attained before the end of the channel, the high-velocity flow downstream from the gate 
may be drowned or a jump may occur. The water-surface calculation for the subcritical flow must begin with 
critical depth at the downstream end of the channel. 

14.278 Prepare a computer program in BASIC to calculate the steady gradually varied water-surface profile in any 
prismatic rectangular, symmetric trapezoidal, or triangular channel. 

f 10 REM B:PROFILES WATER SURFACE PROFILES—STEADY STATE 

20 ’ WATER SURFACE PROFILE IN RECT, TRAPEZOIDAL, OR TRIANGULAR CHANNEL. 

30 " XL-LENGTH, B-BOT WIDTH, Z-SIDE SLOPE, RN=MANNING N,SO-POT SLOPE,O-FLOW. 

40 * YCONT“CONTROL DEPTH. IF YCON1=0 IN DATA, YCONT IS SET EQUAL TO YC. 

50 * IN SUBCRITICAL FLOW, CONTROL IS DOWNSTREAM AND DISTANCES ARE MEASURED 
60 * IN THE UPSTREAM DIRECTION 

70 ’ IN SUPERCRITICAL FLOW, CONTROL IS U.S. AND DISTANCES ARE MEASURED D.S. 

80 LPRINT CHR*<14);"STEADY-STATE WATER-SURFACE PROFILES” 

90 LPRINT CHR*<14>;" DATE=";DATE*;" TIME*";TIME* 

100 DEF FNAREA(YY)-YY4(B+Z4YY)s DEF FNPER(YY)-B+2!*YY*SQR<1 1 + Z~2) 

110 DEF FNYCRIT <YY>=1 !-0~2* (B+2 ! • Z* YY) / (GtFNAREA < YY) ** 3) 

120 DEF FNYNORM (YY) =1 ! -Q' N 2$C0N/ (FNAREA < YY) ' s 3. 333/FNPER (YY)'" 1.333) 

130 DEFINT Is DEF FNDL(YY)-FNYCRIT(YY)/(FNYNORM(YY)*SO> 

140 DEF FNFPM(YY)-GAMt(YY~2I(.5*B+Z t YY/3!1+GT2/<G*FNAREA(YY))) 

150 ISI*=”5I " s DEF FNENERGY(YY)=YY + D' S 2/(2?#G*FNAREA(YY)^2) 

160 READ I UN I T$, XL, B, Z , RN, SO, Q, YCONT: DATA “SI ", 200. , 2. 5, . 8, . 012, . 025, 25. , . O 
170 IF IUNIT*=ISI* THEN 190 

180 GAM-62.4:G-32.2:CON=(RN/1.486)^2/SO:LPRINT" USC UNITS”sLPRINT: GOTO 200 
190 GAM-9802!; G-9.006001: C0N=RN~2/S0: LPRINT”SI UNITS”:LPRINT 

200 LPRINT” CHANNEL LENGTH-";XL;” DISCHARGE-”;Q;” B=";B;" Z = ";Z;“RN«“SRN; 

” SO=";SO 

210 ’ DETERMINATION OF CRITICAL AND NORMAL DEPTHS 

220 NN=30: DN-O!: UP-30!: YC-15!: F0& 1= 1 TO 15: IF FNYCRIT(YC)=0! THEN 250 

230 IF FNYCRIT(YC)<0! THEN DN-YC ELSE UP-YC 

240 YC-.5*(UP+DN): NEXT I 

250 IF YCONT—0! THEN YCONT-YC 

260 IF S0<*0! THEN 320 

270 UP-40!: DN-0!: YN-20!: FOR 1= 1 TO*15 

280 X-FNYNORM(YN): IF X<0! THEN DN=YN: GOTO 300 

290 IF X >0! THEN UP-YN ELSE GOTO 310 
300 YN-.5*(UP+DN): ‘NEXT I 

310 LPRINT: LPRINT" NORMAL DEPTH-";YN;% CRITICAL DEPTH-";YC: GOTO 330 

320 YN=3'*YC: LPRINT: LPRINT" CRITICAL DEPTH-";YC 

330 IF YN<YC THEN 410 

340 * MILD,ADVERSE,OR HORIZONTAL CHANNEL YN>YC 

350 IF YCONT<YC THEN 390 

360 ' SUBCRITICAL FLOW, YCONT>-YC 

370 SIGN—1!: DY-(YCONT-YN)t.99B/NN: LPRINT: 

LPRINT"CONTROL IS DOWNSTREAM,DEPTH-YCONT: GOTO 460 

380 ' SUPERCRITICAL FLOW 

390 SIGN-1!: DY-(YC-YCONT)/NN: LPRINT: 

LPRINT"CONTROL IS UPSTREAM, DEPTH-";YCONT: GOTO 460 

400 ’ STEEP CHANNEL,YN<YC 
410 IF YCONT<—YC THEN 450 
420 * SUBCRITICAL FLOW, YCONT>YC 
430 SIGN—1!: DY-(YCONT-YC)/NN: LPRINT: 

LPRINT" CONTROL IS DOWNSTREAM, DEPTH-";YCONT: GOTO 460 

440 ' SUPERCRITICAL FLOW, YCONT<=YC 

450 SIGN-1!: NN-24NN: DY-(YN-YCONT)•.998/NN: LPRINT: 

LPRINT" CONTROL IS UPSTREAM, DEPTH-";YCONT 
460SL-0!: Y-YCONT: E-FNENERGY(Y): FM-FNFPM(Y): LPRINT 

470 LPRINT" DISTANCE DEPTH ENERGY F+M": GOSUB 550 

480 * WATER-SURFACE PROFILE CALCULATION 
490 FOR 1=1 TO NN STEP 2: Y2-YC0NT+SIGN4DY*(1+1) 

500 DX-DY*(FNDL(Y)+FNDL(Y2)+4!4FNDL(YCONT+SIGNtI*DY))/3! 

510 SL-SL+DX: IF 5L>XL THEN 540 

520 Y-Y2: E-FNENERGY(Y): FM-FNFPM(Y): IF (I-NN-1) AND (SL<0!) THENSL-XL 

530 GOSUB 550: NEXT I: GOTO 160 

540 Y=Y2-SIGN*2! *DY* (SL-XD/DX: E-FNENERGY (Y) : FM-FNFPM (Y) : SL-XL: 

GOSUB 550: GOTO 160 

550 LPRINT SPC(5) USING" ####.#";SL;: LPRINT USING" ###.###";Y;E;: 

LPRINT USING" ########.";FM: RETURN 

560 DATA "SI",600.,2.5,.8,.012,.0002,25.,.907 
570 DATA "SI",600.,2.5,.8,.012,.0002,25.,2. 
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Input data include the specification of the system of units (SI or USC) in the first columns of the data, followed 
by the channel dimensions, discharge, and water-surface control depth. If the control depth is set to zero in 
data, it is automatically assumed to be the critical depth in the program. For subcritical flow the control is 
downstream, and distances are measured in the upstream direction. For supercritical flow the control depth is 
upstream, and distances are measured in the downstream direction. 

The program begins with several line functions to compute the various variables and functions in the problem. 
After the necessary data input, critical depth is computed, followed by the normal-depth calculation if normal 
depth exists. The bisection method is used in these calculations. The type of profile is then categorized, and 
finally the water-surface profile, specific energy, and F + M are calculated and printed. Simpson’s rule is used in 
the integration for the water-surface profile. 

The program begins with several line functions to compute the various variables and functions in the problem. 
After the necessary data input, critical depth is computed, followed by the normal-depth calculation if normal. 


14.279 A trapezoidal channel, B = 2.5 m, side slope = 0.8, has two bottom slopes. The upstream portion is 200 m long, 
So = 0.025, and the downstream portion, 600 m long, 5^ = 0.0002, n = 0.012. A discharge of 25 m 3 /s enters at 
critical depth from a reservoir at the upstream end, and at the downstream end of the system the water depth is 
2 m. Determine the water-surface profiles throughout the system, including jump location, using the computer 
program of Prob. 14.278. 

f Three separate sets of data are included in the program and are needed to obtain the results used to plot the 
solution as shown in Fig. 14-70. The first set for the steep upstream channel has a control depth equal to zero 
since it will be automatically assumed critical depth in the program. The second set is for the supercritical flow 
in the mild channel. It begins at a control depth equal to the end depth from the upstream channel and 
computes the water surface downstream to the critical depth. The third set of data uses the 2-m downstream 
depth as the control depth and computes in the upstream direction. Computer output from the last two data sets 
are given below. The jump is located by finding the position of equal F + M from the output of the last two data 
sets. 


si UNITS 

CHANNEL LENGTH= 600 DISCHARGE- 25 B= 2.5 Z- .8 RN- .012 SO- .0002 
NORMAL DEPTH- 3.190308 CRITICAL DEPTH- 1.7B0243 
CONTROL IS UPSTREAM, DEPTH- .9070001 


DISTANCE 

DEPTH 

ENERGY 

F+M 

0.0 

0.907 

4.630 

225573 

25.0 

0.965 

4. 160 

211573 

51.2 

1.023 

3. 786 

199573 

76.0 

1.082 

3.487 

189272 

100. 1 

1. 140 

3.247 

180431 

123.3 

1.198 

3.054 

172859 

145.5 

1.256 

2.900 

166400 

166.5 

1.315 

2. 777 

160926 

186.0 

1.373 

2.679 

156334 

204.0 

1.431 

2.603 

152534 

220.0 

1.489 

2.544 

149455 

233.9 

1.547 

2.500 

147035 

245. 4 

1.606 

2.469 

145221 

254. 1 

1.664 

2.448 

143970 

259.6 

1.722 

2. 437 

143242 

261.5 

1.780 

2.433 

143007 


SI UNITS 

CHANNEL LENGTH- 600 DISCHARGE- 25 B= 2.5 Z= .B RN- .012 SO- .0002 
NORMAL DEPTH- 3.190308 CRITICAL DEPTH- 1.7B0243 
CONTROL IS DOWNSTREAM,DEPTH- 2 


DISTANCE 

DEPTH 

ENERGY 

F+M 

0.0 

2.000 

2.474 

146109 

33.0 

2.079 

2.504 

148634 

80.5 

2. 158 

2.541 

151844 

145. 4 

2.238 

2.583 

155711 

231.3 

2.317 

2.630 

160211 

343.0 

2.396 

2.681 

165326 

486.6 

2.475 

2.734 

171040 

600.0 

2.524 

2.769 

174857 
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14.280 A rectangular channel 3 m wide and 2 m deep, discharging 18 m 3 /s, suddenly has the discharge reduced to 
12 m 3 /s at the downstream end. Compute the height and speed of the surge wave. 

I (u t + c)(y,) = (u 2 + c)(y 2 ) (y/2)(y \-yl) = (y/g)(y,)(tb + c)(u 2 + c - v, - c) 

Vi = Q/A t = 18/[(3)(2)] = 3 m/s u 2 =12/(3y 2 ) t> 2 y 2 = 4m 2 /s 

(3 + c)(2) = 4 + cy 2 6 = 4 + (c)(y 2 - 2) 

(9.79/2)(2 2 - yl) = (9.79/9.807)(2)(3 + c)(v 2 + c - 3 - c) 

Eliminating c and v 2 gives y\ - 4 = (4/9.807)[2/(y 2 - 2) + 3](3 - 4/y 2 ), y 2 = 2.75 m (by trial and error), 
v 2 = 4/2.75 = 1.455 m/s. The height of the surge wave is 2.75 - 2 = 0.75 m, and the speed of the wave is 
c = 2/(y 2 - 2) = 2/(2.75 - 2) = 2.67 m/s. 

14.281 In Fig. 14-71 find the Froude number of the undisturbed flow such that the depth y, at the gate is just zero when 
the gate is suddenly closed. For v 0 = 20 ft/s, find the liquid-surface elevation. 

f It is required that u, = 0 when y, = 0 at x = 0 for any time after t = 0. 

v = v a - (2)(v£)(Vyo - Vy) 0 = v 0 - (2)(Vg)(Vyb - Vo) 

Wo = (2)(Vgyb) N F = v 0 /\/gy 0 = 2 

X = [no ^- (2)(Vgy 0 ) + (3)(Vgy)](t) y 0 = v 2 0 l 4g = 20 2 /[(4)(32.2)] = 3.106 ft 
x = {20 - (2)[V(32.2)(3.106)] + (3)(V3Z2>0}(/) = 17.02 ty m 
The liquid surface is a parabola with vertex at the origin and surface concave upward. 



14.282 In Fig. 14-71 the gate is partially closed at the instant t = 0 so that the discharge is reduced by 50 percent 
(v„ = 6 m/s, y 0 = 3 m). Find i>,, y,, and the surface profile. 

f The new discharge is 

9 = (6)(3)/2 = 9 = Ujy, v = v 0 - (2)(Vg)(Vyo - Vy) 
v, = 6 - (2)(V9^807)(V3 - V*) 

Uj = 4.25 m/s and y, = 2. 11m (by trial and error) 

* = K - (2)(VSO + (3)(Vgy)](0 = (6 - (2)[V(9.807)(3)] + (3)[V(9.807)(y)]}(/) 

= [(9-39)(Vy) — 4.85](f) 

This holds for the range of values of y between 2.12 m and 3 m. 
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14.283 A discharge of 160 cfs occurs in a rectangular open channel 6 ft wide with s 0 = 0.002 and n = 0.012. If the 
channel ends in a free outfall, calculate the depth at the brink, y„, and y c . Determine the shape of the 
water-surface profile for a distance of 100 ft upstream from the brink. 

I Q = (A)(1.486/n)(f? 2/3 )(i 1/2 ) 160 = (6>-„)(1.486/0.012)[6^/(y„ + 6 + y n )] m { 0.002) 1 ' 2 

y n = 3.5 ft (by trial and error) 

Q 2 lg = A 3 /B 160 2 /32.2 = (6y c f/6 y c = 2.81 ft 

Since y n >y c , the flow is subcritical and the water-surface profile is M 2 (see Fig. A-19). The depth at the outfall 
is approximately 0.7 y c = (0.7)(2.81) = 2.0 ft. Critical depth occurs at about 4y c = (4)(2.81) = 11 ft upstream from 
the brink. Computations for the water-surface profile are given below. 


H 

A, 

ft 2 

B + 2y, 

ft 

R, 

ft 

V, 

ft/s 

1 

,v 2 
y + %’ 

ft 

ft 

mjm 

*>**> 

ft 

S 

S~So 

x, 

ft 

Lx,* 

ft 

2.81 

16.86 

11.62 

1.451 

9.49 

1.398 

4.208 

0.005 

9.34 

1.463 

0.00341 

0.00141 

4 

4 

2.90 

17.40 

11.80 

1.475 

9.20 

1.313 

4.213 

0.014 


1.488 

0.00312 

0.00112 

12 

16 

3.00 

18.00 

12.00 

1.500 

8.89 

1.227 

4.227 

0.022 

8.74 

1.512 

0.00284 

0.00084 

26 

42 

3.10 

18.60 

12.20 

1.525 

8.60 

1.149 

4.249 

0.029 

8.47 

1.536 

0.00262 

0.00062 

47 

89 

3.20 

19.20 

12.40 

1.548 

8.33 

1.078 

4.278 









* Summation x is measured from the point of critical depth 11 ft upstream from the brink. 


The water-surface profile is sketched in Fig. 14-72. 



14.284 Examine the flow conditions in a 10-ft-wide open rectangular channel of rubble masonry with n = 0.017 when 
the flow rate is 400 cfs. The channel slope is 0.020, and an ogee weir 5.0 ft high with C w = 3.8 is located in the 
downstream end of the channel (see Fig. 14-73). 

I Q = (A)(1.486/n)(/? 2/3 )(s 1 ' 2 ) 400 = (10y„)(1.486/0.017)[10y„/(y„ + 10+y„)f 3 (0.020) 1/2 

y„ = 2.36 ft (by trial and error) y c = (q 2 /g)' n y c = [(t£) 2 /32.2] 1/3 = 3.68 ft 

Since y„ <y c , the flow is supercritical. The head required at the weir to discharge the given flow is found from 
the equation Q = (C w L)(h + V%/2g) m : 

V 0 = Q/A = 400/[(5 + /t)(10)] = 400/(50 + 10/*) 400 = (3.8)(10){// + [400/(50 + 10/t)]7[(2)(32.2)]} 3/2 

h =4.53 ft (by trial and error) 

Hence, the depth of water just upstream of the weir is 5 + 4.53 = 9.53 ft, which is greater than y c . The flow at 
this point is subcritical, and a hydraulic jump must occur upstream. The depth y 2 after the jump is found from 
y 2 = ~yJ2 + (y\/4 + 2V]yJg) V2 , V , = Q/A , = 400/[(2.36)(10)] = 16.95 ft/s, y 2 = -2.36/2 + [2.36 2 /4 + 
(2)(16.95) 2 (2.36)/32.2] 1/2 = 5.42 ft. The distance from the weir to the jump is determined by the equation 
x = [(y A + V\/2g) - (y B + Vl/2g)\/(s - s 0 ): 

V A = Q/A = 400/[(5.42)(10)] = 7.380 ft/s V B = 400/[(9.53)(10)] = 4.197 ft/s 
5 = (nV/lA86R 2 ' 3 ) 2 V m = (7.380 + 4.197)/2 = 5.788 ft/s 
(p w ) A = 5.42 + 10 + 5.42 = 20.84 ft (p w ) B = 9.53 + 10 -I- 9.53 = 29.06 ft 
R m = [(5.42)(10)/20.84 + (9.53)(10)/29.06]/2 = 2.940 ft 
i = {(0.017)(5.788)/[(1.486)(2.940) 223 ] } 2 = 0.001041 
x = {5.42 -I- 7.380 2 /[(2)(32.2)] - 9.53 - 4.197 2 /[(2)(32.2)]}/(0.001041 - 0.020) = 187 ft 
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Fig. 14-73 

14.285 A rectangular channel is 8 ft wide, has an 0.008 slope, discharge of 150 cfs, and n = 0.014. Find y„ and y c . If the 
actual depth of flow is 5 ft, what type of profile exists? 

f Q = (A)(1.486/n)(R 2J3 )(s la ) 150 = (8y„)(1.486/0.014)[8y„/(y„ + 8 + y„)f 3 (0.008) 1/2 

y„ - 1.74ft (by trial and error) y c - (q 2 /g) ia = [( ! r) 2 /32.2] 1/3 = 2.22 ft 

From Fig. A-19, this is an water-surface profile. 

14.286 A rectangular channel is 3 m wide and ends in a free outfall. If the discharge is 10 m 3 /s, slope is 0.0025, and 
n = 0.016, find y n , y c , and the water-surface profile for a distance of 150 m upstream from the outfall. 

I Q = (A)(1.0/n)(f? 2/3 )(s 1/2 ) 10 = (3y„)(1.0/0.016)[3y„/ (y n + 3 + y„)]“(0.0025) ,/2 

y„ = 1.34 m (by trial and error) y c = (q 2 /g) y3 = [(f ) 2 /9.807] 1/3 = 1.04 m 

The depth at the outfall is approximately 0.7 y c = (0.7)(1.04) = 0.73 m. Critical depth occurs at about 
4 y c = (4)(1.04) = 4m upstream from the brink. Computations for the water-surface profile are given below 
[5 = ( nv/l.OR 2 * 3 ) 2 , x — E/(s — s 0 )]- 


- 0 . 26 ' 



Horizontal datunv* 



v,m/s 

v 2 /2g, m 

E, m 

v m , m/s 

R m , m 

s 


x 9 in 

1.04 

3.205 

0.524 

1.546 

3.06 

0.630 

0.00443 

6 

6 

1.14 

2.924 

0.436 

1.576 

2.80 

0.662 

0.00346 

33 

39 

1.24 

2.688 

0.368 

1.608 

2.58 

0.694 

0.00276 

185 

224 

1.34 

2.488 

0.316 

1.656 







14.287 A rectangular drainage channel is 15 ft wide and is to carry 500 cfs. The channel is lined with rubble masonry 
(n = 0.017) and has a bottom slope of 0.0015. It discharges into a stream which may reach a stage 10 ft above 
the channel bottom during floods. Calculate y n , y c , and the distance from the channel outlet to the point where 
normal depth would occur under this condition. Use one step. 

I Q = (A)(1.486/n)(f? 2 °)(s l/2 ) 500 = (15y„)(1.486/0.017)[15y„/(y„ + 15 + y„)] 2/3 (0.0015) 1 ' 2 

y„ = 4.81 ft (by trial and error) y c = ( 9 2 /g) 1/3 = [(^) 2 /32.2] 1/3 = 3.26ft 
A* -■[(* + V\l2g) - (y 2 + Vl/2 g)]/(s - s 0 ) V , = Q/A = 500/[(4.81)(15)] = 6.930 ft/s 

V 2 = 500/[(10)(15)] = 3.333 ft/s 
5 = (nV/1.486f? 2/3 ) 2 V m = (6.930 + 3.333)/2 = 5.132 ft/s 
(p„) a = 4.81 +15 + 4.81 = 24.62 ft ( p w ) 2 = 10 + 15 + 10 = 35.00 ft 

R m = [(4.81)(15)/24.62 + (10)(15)/35.00]/2 = 3.608 ft 
s = {(0.017)(5.132)/[(1.486)(3.608) 2/3 ]} 2 = 0.0006229 
Ax = {4.81 + 6.930 2 /[(2)(32.2)] -10 - 3.333 2 /[(2)(32.2)]}/(0.0006229 - 0.0015) = 5264 ft 


14.288 Solve Prob. 14.287 using three steps. 
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f Using data from Prob. 14.287, s = (nu/1-486/? 2 ' 3 ) 2 , x = A E/(s - s 0 ). 



F,ft/s 

V 2 /2g, ft 

E, ft 

V m ,tt/s 

R m ,fl 

5 

x, R 

10 

3.33 

0.17 

10.17 









3.75 

4.09 

0.000285 

1560 

8 

4.17 

0.27 

8.27 









4.86 

3.60 

0.000559 

1900 

6 

5.55 

0.48 

6.48 









6.28 

3.12 

0.000112 

2420 

4.8 

7.00 

0.76 

5.56 












5880 


14.289 A trapezoidal channel with a bottom width of 10 ft and side slopes of 2 horizontal to 1 vertical has a horizontal 
curve with a radius of 100 ft without superelevation. If the discharge is 800 cfs and the water surface at the inside 
of the curve is 5 ft above the channel bottom, find the water-surface elevation at the outside of the curve. 
Assume the flow is subcritical. 

I See Fig. 14-74. y 2 -y,= v 2 B/gr, x - 5 = {800/[(x + 5)(10 + x) -25 -x 2 ]} 2 (10 +10 + 2x)/[(32.2)(100)], x = 
5.53 ft (by trial and error). 



Fig. 14-74 


14.290 A rectangular flume of planed timber (n = 0.011) is 1.5 m wide and carries 1.7 m 3 /s of water. The bed slope is 
0.0005, and at section 1 the depth is 0.9 m. Find the distance to section 2, where the depth is 0.75 m. Is 2 
upstream or downstream of 1? 

f Ax = (y, + v 2 J2g -y 2 ~ v\/2g)/(s - s 0 ). Assume the 0.75 m depth is downstream. 

u, = Q/A t = 1.7/[(0.9)(1.5)] = 1.259 m/s 
v 2 = Q/A 2 = 1.7/[(0.75)(1.5)] = 1.511 m/s s = ( nv/l.OR™f 
v m = (1.259 + 1.5U)/2 = 1.385 m/s ( p w ) t = 0.9 + 1.5 + 0.9 = 3.30 m 
( p w ) 2 = 0.75 + 1.5 + 0.75 = 3.00 m 
R m = [(0.9)(1.5)/3.30 + (0.75)(1.5)/3.00]/2 = 0.3920 m 
5 = {(0.011)(1.385)/[(1.0)(0.3920) 2/3 ]} 2 = 0.000809 
Ax = {0.9 + 1.259 2 /[(2)(9.807)] -0.75 - 1.511 2 /[(2)(9.807)])/(0.000809 - 0.0005) = 370m 
Since Ax is positive, the 0.75 m depth is downstream, as assumed. 

14.291 The flume of Prob. 14.290 still carries 1.7 m 3 /s, but now the depth varies from 1.2 m at one section to 0.9 m at a 
section 200 m downstream. Find the new bed slope. 

f Ax = (y, + u?/2g - y 2 ~ v\l2g)l(s — s 0 ) v, = Q/A t = 1.7/[(1.2)(1.5)] = 0.9444 m/s 

v 2 = Q/A 2 = 1.7/[(0.9)( 1.5)] = 1.259 m/s s = (nv/l.OR™) 2 
Vm = (0.9444 + 1.259)/2 = 1.102 m/s 
(p w ) t = 1.2 + 1.5 + 1.2 = 3.90 m ( p w ) 2 = 0.9 +1.5 + 0.9 = 3.30 m 

R m = [(1.2)(1.5)/3.90 + (0.9)(1.5)/3.30]/2 = 0.4353 m 
s = {(0.012)(1.102)/[(1.0)(0.4353) 2/3 ]} 2 = 0.0005301 
200 = {1.2 + 0.9444 2 /[(2)(9.807)] - 0.9 - 1.259 2 /{(2)(9.807)]}/(0.0005301 - s„) s 0 = -0.000793 
See Fig. 14-75. 
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Fig. 14-75 


14.292 The slope of the flume in Prob. 14.290 is now increased to 0.01. For the same flow as before, find the depth 
35 m downstream from a section where the flow is 0.40 m deep. 

f y c = (q 2 lg) m = [(1.7/1.5) 2 /9.807] 1/3 = 0.508 m. Since y <y c , the flow is supercritical. 

Ax = (y, + vV2g-y 2 -v 2 2 /2g)/(s-s 0 ) v t = Q/A, = 1.7/[(0.40)(1.5)] = 2.833 m/s 
v 2 = Q/A 2 = 1.7/(1.5y 2 ) = 1.133/y 2 s = ( nv/l.OR 
v m = (2.833 + 1.133/y 2 )/2 = 1.417 + 0.5665/y 2 
(p„), = 0.4 + 1.5 + 0.4 = 2.30 m (p w ) 2 =y 2 + 1.5 + y 2 = 1.5 + 2y 2 
R m = [(0.4)(1.5)/2.30 + 1.5y 2 /(1.5 + 2y 2 )]/2 = 0.2609 + 0.75y 2 /(1.5 + 2y 2 ) 
f (0.011)(1.417 + 0.5665/y 2 ) ~| 2 

S 11.0[0.2609 + 0.75y 2 /(1.5 + 2y 2 )] OT J 
35 = {0.40 + 2.833 2 /[(2)(9.807)] - y 2 - (1.133/y 2 ) 2 /[(2)(9.807)]}/(5 - 0.01) 
y 2 = 0.31m (by trial and error) 


14.293 A rectangular flume 12 in wide and 30 ft long yielded the following test results: with still water, z, - z 2 = 0.010 ft; 
with a measured flow of 0.20 cfs, y, = 0.400 ft, y 2 = 0.405 ft. Evaluate the roughness coefficient n. 

I Q = (A)(1.486/n)(/? 2/3 )(j ,/2 ) A, = (0.400)({|) = 0.400 ft 2 A 2 = (0.405)(j§) = 0.405 ft 2 

A m = (0.400 + 0.405)/2 = 0.4025 ft 2 ( p w ) t = 0.40 + {§ + 0.40 = 1.800 ft 

(p w ) 2 = 0.405 + {§ + 0.405 = 1.810 ft 

R m = (0.40/1.80 + 0.405/1.81)/2 = 0.2230 ft x = (y, + v]/2g -y 2 - vl/2g)/(s - s 0 ) 
v t = Q/A , = 0.20/0.40 = 0.500 ft/s t> 2 = Q/A 2 = 0.2/0.405 = 0.4938 ft/s 
30 = {0.40 + 0.500 2 /[(2)(32.2)] - 0.405 - 0.4938 2 /[(2)(32.2)]}/(s - 0.01/30) 5 = 0.0001699 

0.20 = (0.4025)(1.486/n)(0.2230) 2/3 (0.0001699) l/2 n = 0.0143 


14.294 A rectangular flume 10 ft wide is built of planed timber (n = 0.012) on a bed slope of 0.2 ft per 1000 ft ending in 
a free overfall. If the measured depth at the fall is 1.82 ft, find (a) the rate of flow and ( b ) the distance upstream 
from the fall to where the depth is 4 ft. 

I (a) ybrin k = 0.72y c 1.82 = 0.72 y c y c = 2.528 ft 

yc = (q 2 /g) 1a 2.528 = (q 2 /32.2) in q = 22.81 cfs/ft Q = (22.81)(10) = 228 ft 3 /s 

( b ) Between y brinlc and y c the flow is rapidly varying. So Manning’s equation is not valid there and cannot be 
used there to determine Q. s = (nK/1.486/? 2 ' 3 ) 2 , Ax = (y, + V\/2g-y 2 - V\!2g)/(s - s 0 ). 
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mm 

V 2 /lg, 

E, 

mm 

xa 

R, 

R m , 

■a 

jlglU 

Ax, 

ft 

£S 

ft 

ft 

El 

u 

ft 

ft 

■a 


ft 

4.0 

5.70 

0.505 

4.505 

40 

18.0 

2.22 

2.12 

6.20 

0.000915 

568 

3.4 

6.71 

0.698 

4.095 

34 

16.8 

2.02 

1.949 

7.15 

0.001363 

173 

3.0 

7.60 

0.897 

3.897 

30 

16.0 

1.875 

1.814 

8.02 

0.001888 

53 

2.7 

8.44 

1.108 

3.808 

27 

15.4 

1.753 

1.717 

8.73 

0.00240 

8 

2.53 

yb 

9.01 

1.261 

3.791 

25.3 

15.1 

1.680 




O 

II 

4? 










E (Ax) = 812 



14.295 For a wide rectangular channel dredged in earth (n = 0.030), of slope 0.002273 and carrying 100 (ft 3 /s)/ft, find 
the water depth 1.5 mi upstream of a location (2) where the depth is 30 ft. 

I Ax = (y i + v 2 1 /2g-y 2 -vl/2g)l(s-s 0 ) v, = q/y, = 100/y, 

v 2 = qly 2 = 100/30 = 3.333 ft/s 

v m = (100/y, + 3.333)/2 = 50.0/y, + 1.667 s = (nu/1.486/? 2/3 ) 2 
Rm = (y, + 30)/2 = y,/2 + 15.00 
j = {(0.030)(50.0/y, + 1.667)/[(1.486)(y,/2 + 15.00) 2 ' 3 ]} 2 
(1.5)(5280) = (y, + (100/y,) 2 /[(2)(32.2)] - 30 - 3.333 2 /[(2)(32.2)]}/(s - 0.002273) 
y, = 11.9 ft (by trial and error) 

14.296 The slope of a stream of rectangular cross section is 0.00022, the width is 150 ft, and the value of the Chezy C is 
80 ft il2 /s. Find the depth for a uniform flow of 128.45 cfs per foot of width of the stream. 

f v o = qho — 88.55/y 0 Vo = CVRs = (80.0){V[150y o /(y o + 150 + y„)] ( 0 . 00022 )} 

128.45/y„ = 80{V[150y„/(y 0 + 150 + y„)] ( 0 . 00022 )} y 0 = 25.0 ft (by trial and error) 

14.297 If the stream of Prob. 14.296 is dammed, find the distance between a section where the increase in depth is 5 ft 
and one where the increase is 1 ft. Use reaches with 1-ft depth increments. 

I v = cVRs Ax = (>4 + v 2 /2g - y 2 - v\/2g)/(s - s 0 ) 


a 

A 

(150y), 

ft 2 

B 

R 

(A/p), 

ft 

V 

(« qly )> 

fps 

v 2 l2g, 

ft 

E, 

ft 

, AE 
(E 2 -EJ, 

ft 

v m , 

fps 

ft 

5 

Ax, 

ft 

30 

4500 

210 

21.43 

4.28 

0.284 

30.284 













-0.979 

4.36 

21.17 

0.0001403 

12 284 

29 

4350 

208 

20.91 

4.43 

0.305 

29.305 













-0.978 

4.51 

20.65 

0.0001539 

147% 

28 

4200 

206 

20.39 

4.59 

0.327 

28.327 













-0.975 

4.68 

20.12 

0.0001701 

19539 

27 

4050 

204 

19.85 

4.76 

0.352 

27.352 













-0.973 

4.85 

19.58 

0.0001877 

30124 

26 

3900 

202 

19.31 

4.94 

0.379 

26.379 

















E (Ax) = 76 743 


14.298 A portion of an outfall sewer is approximately a circular conduit 5 ft in diameter and with a slope of 1 ft in 
1100 ft. It is of brick, for which n = 0.013. What would be its maximum capacity for uniform flow? 

f Q = (A)(1.486/n)(/? 2 ' 3 )(s 1 ' 2 ) = [(nr)(5) 2 /4](1.486/0.013)(!) 2,3 ( T 4) 1/2 = 78.53 ft 3 /s 

From Fig. A-18, (Q m JQ, M ) = 1.06. g m „ = (78.53)(1.06) = 83.2 ft 3 /s. 
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14.299 If the outfall sewer in Prob. 14.298 discharges 120 cfs with a depth at the end of 2.90 ft, how far back from the 
end must it become a pressure conduit? Proceeding from the mouth upstream, find by tabular solution the 
length of sewer that is not flowing full. Use three reaches with equal depth increments. 

I s = (nV/1A86R 213 ) 2 Ax = (y t + v\/2g - y 2 - vl/2g)/(s - s 0 ) 


y> 

ft 

», 

deg 

A, 

ft 2 

P, 

ft 

R 

(A/P), 

ft 

V 

(Q/A), 

fits 

v72«, 

ft 

E, 

ft 

(E,-E 2 ), 

ft 

fps 

ft 

S 

Axj 

ft 

2.9 

99.2 

11.81 

8.66 

1.364 

10.16 

1.603 

4.503 














0.073 

9.05 

1.429 

0.00387 

24.7 

3.6 

116.1 

15.13 

10.13 

1.494 

7.93 

0.976 

4.576 














0.417 

7.31 

1.504 

0.00236 

287 

4.3 

136.1 

17.96 

11.87 

1.513 

6.68 

0.693 

4.993 














0.587 

6.40 

1.382 

0.00202 

527 

5.0 

180 

19.63 

15.71 

1.250 

6.11 

0.580 

5.580 









— 









E (Ex) = 839 


The sewer must become a pressure conduit 839 ft back from the end. 


14.300 For the channel of Prob. 14.131, find the separation of a section where the depth is 2.0 ft and one where the 
depth is 3.0 ft. 

I Assume the 2.0 ft depth is upstream. Then y, = 2.0 ft and y 2 = 3.0 ft. From Prob. 14.131, Q = 100 cfs, 
s = 0.02, and n = 0.015. 

Ax = (y, + v\/2g - y 2 - v\!2 g)/(s - s 0 ) v, = Q/A t = 100/4.90 = 20.41 ft/s 

v 2 = Q/A 2 = 100/10.48 = 9.542 ft/s 

s = (nv / 1.486R 2 ' 3 ) 2 v m = (20.41 + 9.542)/2 = 14.98 ft/s R=A/p w 
/?, = 4.90/6.12 = 0.801 ft 

jR 2 = 10.48/8.96= 1.170 ft R m = (0.801 + 1.170)/2 = 1.9855 ft 
s = {(0.015)( 14.98)/[(1.486) (0.9855) 2/3 ]} 2 = 0.02331 
Ax = {2.0 + 20.4l7[(2)(32.2)] - 3.0 - 9.542 2 /[(2)(32.2)]}/(0.02331 - 0.02) = 1225 ft 
Since Ax is positive, the assumption that the 2.0 ft depth was upstream is correct. 

14.301 Sketch the water-surface profile in a long rectangular channel (n = 0.014), if the channel is 10 ft wide; the flow 
rate is 340 cfs; and there is an abrupt change in slope from 0.0016 to 0.0150. 

f See Fig. 14-76. y c = ( q 2 /g ) v3 = [(340/10) 2 /32.2] ,/3 = 3.30 ft, Q = (A)(1.486/n)(R 2/3 )(s 1/2 ). In upstream 
segment, 340 = (10y„)(1.486/0.014)[10y„/(y„ +10 + y„)] 2/3 (0.0016) 1 ' 2 , y„ = 4.50 ft (by trial and error). In 
downstream segment, 340 = (10y„)(1.486/0.014)[10y„/(y„ + 10 + y„)] 2/3 (0.0150) 1/2 , y„ = 2.04 ft (by trial and 
error). Thus, the flow is subcritical before the break and supercritical after the break. 



Fig. 14-76 


14.302 Repeat Prob. 14.301 for the case where the flow rate is 130 cfs. 

I y c = (q 2 /g) m = {(130/10) 2 /32.2] 1/3 = 1.74ft, Q = (A)(1.486/n)(R 2/3 )(s 1/2 ). In upstream segment, 130 = 
(10y„)(1.486/0.014)[10y„/(y„ + 10 + y„)] 2/3 (0.0016) l/2 , y„ = 2.28 ft (by trial and error). In downstream segment, 
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130 = (10y„)(1.486/0.014)[10y„/(y„ + 10 + y n )] 2/3 (0.0150) 1/2 , y„ = 1.08 ft (by trial and error). Thus, the flow is 
subcritical before the break and supercritical after the break, so that Fig. 14-76 still applies. 


14.303 Repeat Prob. 14.302 if the slope abruptly changes from 0.0016 to 0.0006. Estimate the distance upstream from 
the break to the point where normal depth occurs. 

I y c = 1.74 ft (from Prob. 14.302). In upstream segment, y„ = 2.28 ft (from Prob. 14.302). In downstream 
segment, 130 = (10y„)(1.486/0.014)[10y„/(y„ + 10 + y„)] 2O (0.0006)' /2 , y n = 3.20ft (by trial and error). Thus, the 
flow is subcritical before and after the break. A water surface on a gentle slope cannot deviate from y„ in the 
upstream direction. Therefore, the depth at the break is 3.20 ft. See Fig. 14-77. 

A* = (>1 + v 2 J2g -y 2 - vl/2g)/(s - s 0 ) u, = Q/A , = 130/[(2.28)(10)] = 5.702 ft/s 

v 2 = Q/A 2 = 130/[(3.20)(10)] = 4.063 ft/s s = (nv/1.486/? 2 ' 3 ) 2 
v m = (5.702 + 4.063)/2 = 4.883 ft/s 

(Ph.), = 2.28 + 10 + 2.28 = 14.56 ft (p w ) 2 = 3.20 +10 + 3.20 = 16.40 ft/s 
R m = [(2.28)(10)/14.56 + (3.20)(10)/16.40]/2 = 1.759 ft 
s = {(0.014)(4.883)/[(1.486)(1.759) 2 ' 3 ]} 2 = 0.0009967 
Ar = {2.28 + 5.702 2 /[(2)(32.2)] - 3.20 - 4.063 2 /[(2)(32.2)]}/(0.0009967 - 0.0016) = 1113 ft 


. y - 3.20' 
n 

- 1.74' 

Gentle slope Fig. 14-77 


14.304 In a 6-ft-wide rectangular channel (s = 0.002, n = 0.014), water flows at 240 cfs. A temporary dam increases the 
depth to 9.1 ft. Examine the water-surface profile upstream from the dam. 

1 yc — (q 2 lg)'' 3 = [(240/6) 2 /32.2] 1/3 = 3.68 ft, Q = (A)(1.486/n)(/? 2/3 )(j 1 ' 2 ). In upstream segment, 240 = 
(6y„)(l-486/0.014)[6y„/(y„ + 6 +y„)] 2/3 (0.002) 1/2 , y„ = 5.44 ft (by trial and error). Since y„ >y c , the channel 
slope is gentle. Also, since 9.1 ft =y >y n >y c , upstream of the dam is an Af, profile (see Fig. A-19) with the 
depth gradually decreasing to the normal depth (5.44 ft). Critical depth (3.68 ft) occurs on the dam. 

14.305 Solve Prob. 14.304 if the channel slope is 0.0004. 

i y c = 3.68 ft (from Prob. 14.304), Q = (A)(1.486/n)(R 2/3 )(s 1/2 ). In upstream segment, 240 = 
(6y n )(l-486/0.014)[6y„/(y„ + 6 +y„)] 2/3 (0.0004) 1 ' 2 , y„ = 10.7 ft (by trial and error). Since y„ >y c , the channel 
slope is gentle. But insertion of a dam cannot lower the water surface below y n to 9.1 ft, so this situation is 
impossible. 

14.306 Solve Prob. 14.304 if the channel slope is 0.0010. 

f y c = 3.68 ft (from Prob. 14.304), Q = (A)(lA&6/n)(R 2/3 )(s m ). In upstream segment, 240 = 

(6y„)(l.486/0.014)[6y„/(y„ + 6 + y„)] 2/3 (0.0010) 1 ' 2 , y„ = 7.22 ft (by trial and error). The conclusions follow 
Prob. 14.304. 

14.307 Solve Prob. 14.304 if the channel slope is 0.006. 

f y c = 3.68 ft (from Prob. 14.304), Q = (A)(1.486/n)(R 2/3 )(j 1/2 ). In upstream segment, 240 = 
(6y„)(1.486/0.014)[6y„/(y„ + 6 + y„)] 2/3 (0.006) 1/2 , y n = 3.53 ft (by trial and error). Since y„ <y c , the channel 
slope is steep. Also, since 9.1 ft = y >y c >y„, upstream of the dam is an 5, profile (see Fig. A-19), preceded by 
a hydraulic jump. Upstream of the jump is straight supercritical uniform flow with depth of 3.53 ft. 
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14.308 A rectangular channel changes in width from 3 ft to 5 ft, as shown in Fig. 14-78. Measurements indicate that 
y, = 2.00 ft and Q = 60 cfs. Determine the depth y 2 , neglecting head loss. 

f E x = E 2 + h L E=y + v 2 /2g v, = Q/A x = 60/[(3)(2.00)] = 10.00 ft/s 

£, = 2.0 + 10.00 2 /[(2)(32.2)] = 3.553 ft v 2 = Q/A 2 = 60/(5y 2 ) = 12.0/y 2 
E 2 = y 2 + (12.0/y 2 ) 2 /[(2)(32.2)] = y 2 + 2.236 !y\ 
h L = 0 3.553 =y 2 + 2.236/yl + 0 y 2 = 3.36 ft (by trial and error) 


!d j"l 

Energy line / 2g * / , 
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Fig. 14-78 


14.309 Solve Prob. 14.308, assuming h L = (0.3)(u?/2g - v\Hg). 

I Using data from Prob. 14.308, h L = 0.3{10.00 2 /[(2)(32.2)] - (12/y z ) 2 /[(2)(32.2)]} = 0.4658 - 0.6708/yl, 

3.553 = y 2 + 2.236/y! + 0.4658 — 0.6708 ly\, y 2 = 2.90ft (by trial and error). 

14.310 Consider a rectangular flume 4.5 m wide, built of unplaned planks (n = 0.014), leading from a reservoir in which 
the water surface is maintained constant at a height of 1.8 m above the bed of the flume at entrance (see Fig. 
14-79). The flume is on a slope of 0.001. The depth 300 m downstream from the head end of the flume is 1.20 m. 
Assuming an entrance loss of Q.2Vj/2g, find the flow rate for the given conditions. 

I For a first approximate answer we shall consider the entire flume as one reach. The equations to be satisfied 
are 

Energy at entrance: yi + (1.2Vf/2g) = 1.80 (1) 

Energy equation for the entire reach: 

yi + <y\/2g) = 1.20 + (V 2 /2g) + (5 - 0.001)L (2) 

where 5 is given by 5 = ( riVJR™) 2 ( 3 ) 

The procedure is to make successive trials of the upstream depth y,. This determines corresponding values of 
Vi, q, V 2 , V m , R„, and S. The trials are repeated until the value of Ax from Eq. (2) is close to 300 m. The 
solution is conveniently set in tabular form as follows: 


Trial 

.Vi* 

v» 

Eq.(l), 

q=yiV 2 , 

F 2 = q/1.20, 

v m , 

U*ii 



5, 

Ax, 

Eq. (2), 

m 

m/s 

m 3 /s/m 

m/s 

m/s 

in 

ra 

m 

Eq. (3) 

m 

169 

2.22 

3.33 

2.78 

2.50 

0.90 

ESI 

H 

0.00143 

358 

B9 

2.29 

3.39 

2.82 

2.56 

0.89 

m 

lifiiS 

0.00163 

226 


Thus y x «1.49 m and the flow rate Q = qB ~ 3.36 x 4.5 ~ 15.1 m 3 /s. The accuracy of the result, of course, 
depends on one’s ability to select the correct value for Manning’s n. If n was assumed to be 0.015, for example, 
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rather than 0.014, the result would have been quite different. Also, a more accurate result can be obtained by 
dividing the flume into reaches in which the depth change is about 10 percent of the depth. 



Fig. 14-79 


14.311 A rectangular flume of planed timber (n = 0.012) 20 ft wide, 1000 ft long, with horizontal bed leads from a 

reservoir in which the still-water surface is 10 ft above the flume bed. Assume that the depth of the downstream 
end of the flume is fixed at 8 ft by some control section downstream. Allowing an entrance loss of 0.2 times the 
velocity head, find the flow rate in the flume using one reach. 

f Energy at entrance: 

y. + 1.2Vf/2 g = 10 (1) 


Energy equation for the entire reach: 

y, + vj/2g = 8 + Vlllg + (S - 0 XL) 


where S is given by 


S = (nVJl.486R 


( 2 ) 

(3) 


This problem involves a trial-and-error solution exactly like that of Prob. 14.310. After successive trials (not 
shown), the solution is reached with y, = 8.82 ft and Q = qB = (70.25)(20) = 1405 ft 3 /s. 


14.312 Find the flow rate in the flume of Prob. 14.311 if it ends in a free fall, all other conditions remaining the same. 
The critical depth may be supposed to occur at about 6 y c back from the fall. Thus the length of the reach is 
1000 - 6y„, and y 2 = y c . 

I Take the flume in one reach with y, and Vi at the upstream end and y c and V c at the downstream end at a 
distance L = (1000 — 6y c ) ft. Then, energy at entrance: 


y, + 1.2Vf/2 g = 10 

(1) 

Energy equation for the entire reach: 


y, + V\Hg = y c + V 2 J2g + (S - 0)(L) 

(2) 

where S is given by 


5 = («V m /1.486/0 2 

(3) 

First trial: Assume y, = 7 ft. 



7 + 1.2Vf/[(2)(32.2)] = 10 V, = 12.69 ft/s q = V 1 y 1 = (12.69)(7) = 88.83 cfs/ft 
y c = (q 2 /g) m = (88.83732.2) 1/3 = 6.26 ft 
V e = qly c = 88.83/6.26 = 14.19 ft/s V m = (12.69 + 14.19)/2 = 13.44 ft/s 
R m = [(20)(7)/(7 + 20 + 7) + (20)(6.26)/(6.26 + 20 + 6.26)]/2 = 3.984 ft 
S = {(0.012)(13.44)/[(1.486)(3.984) 2 ' 3 ]} 2 = 0.001865 
7 + 12.697[(2)(32.2)] = 6.26 + 14.197[(2)(32.2)] + 0.001865L L = 61.1 ft 

But L = 1000 — (6)(6.26) = 962 ft. Since the computed value of L (61.1 ft) is not equal to the actual length of 
approximately 962 ft, the assumed value of yi of 7 ft is incorrect. As a second trial, y, should be increased. 
After successive trials (not shown), a value of y^ = 8.46 ft is found to be appropriate. Then, 8.46 + 
1.2V?/[(2)(32.2)] = 10, V, = 9.091 ft/s, q = (9.091)(8.46) = 76.91 cfs/ft, Q = (76.91)(20) = 1538 ft 3 /s. 

14.313 An 8-ft-wide rectangular channel has bottom slope s„ = 0.0015 and roughness n = 0.013; it carries 250 ft 3 /s of 
water. Compute the separation between sections where depths are 4.00 ft and 4.20 ft. 
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I A* = Oi + v\!2g - y 2 - vl/2g)/(s - s„) s = (nv ay JlA86R^) 2 

The calculations in the following table give the separation as 512 ft. 


B 

A 1 

ft 

P 

<8 + 2y), 

II 

R„,tt 

O 

v 2 l2g, 

ft 

y + (v*/2g) 

Numerator 

AU + (t> J /2g)] 

fps 

^•Vf* 

ft 

s 

Denominator 

s-s 0 

Ax, ft 

4.00 

32.00 

16.00 

2.00 

7.81 

0.947 

4.947 














0.055 

7.72 

2.013 

0.00179 

0.00029 

190 

EUa 

32.80 

16.20 

2.025 

7.62 

0.902 

5.002 














0.058 

7.53 

2.037 

0.00168 

0.00018 

322 


33.60 

16.40 

2.049 

7.44 

0.860 

5.060 



















£(Aje) = 512 


14.314 Assume the channel of Prob. 14.145 has a bottom slope of 0.0048. If y 0 = 3 ft at x = 0, how far along the channel 
x = L does it take the depth to rise to y L = 4 ft (see Fig. 14-80). Use increments of y = 0.2 ft and Manning’s 
formula. Is the 4-ft-depth position upstream or downstream in Fig. 14-80? 

I y c = 4.27 ft (from Prob. 14.145). Since [y = 3 ft] < [_y c = 4.27 ft], the flow is supercritical; and the given 
channel slope (0.0048) is greater than s c of 0.00435 (from Prob. 14.145). Therefore, we must be on an S profile. 
Q = (A)(1.486/n)(/? 2/3 )(s l/2 ). Since the channel is “wide”, use R = y„: 50 = 

[(l)(y„)](l. 486/0.022)(y„) 2/3 (0.0048) 1/2 , y„ = 4.14 ft. Thus y 0 and y L are less than y„, which is less than y c and we 
must be on an S 3 curve. For the numerical solution, we tabulate y = 3.0 to 4.0 in intervals of 0.2, computing six 
values of V = q/y, E =y + (V 2 /2g), and S = n 2 V 2 /2.208y 4/3 , from which S av and Ax follow. The slope 
So = 0.0048 is constant. 


IS** 

e 

in 

II 

E=y + (V 2 /2g) 

S 


4r 

x = S Aar 

3.0 

16.67 

7.313 

0.01407 

0.01271 

40.7 

0.0 

3.2 

15.62 

6.991 

0.01135 

0.01031 

42.3 

40.7 

3.4 

14.71 

6.758 

0.00927 

0.00847 

44.4 

83.0 

3.6 

13.89 

6.595 

0.00766 

0.00703 

48.0 

127.4 

3.8 

13.16 

6.488 

0.00640 

0.00590 

56.4 

175.4 






4.0 

12.50 

6.426 

0.00539 



L = 231.8 ft 


For this depth increment of 0.2 ft, gradually-varied-flow theory predicts that a length of about 232 ft is required 
for the depth to rise from 3 to 4 ft in this supercritical flow. Using 10 increments by reducing Ay to 0.1 ft would 
give an estimate of L = 235.2 ft (calculations not shown). It should be clear that the y = 4 ft position is 
downstream. 



y L = 4 ft 


x = 0 


£ = ? 


x = L 


Fig. 14-80 
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14.315 If a rectangular channel 10 ft wide, with n = 0.014 and s 0 = 0.0009, carries Q = 300 cfs, is the slope steep or 
mild? 

I Q = (■i4)(1.486/n)(/? 2/3 )(s 1/2 ) 300 = (10y„)(1.486/0.014)[10y„/(y„ + 10 + y„)] 2/3 (0.0009)“ 

y n — 5.09 ft (by trial and error) y c = (q 2 /g)' s = [(t 5 , ) 2 /32.2] 1 ' 3 = 3.03 ft 

Since y c <y„, the slope is mild. 

14.316 Repeat Prob. 14.315 if the slope is 0.006. 

I Q = (A)(1.486/n)(/? 2/3 )(0 300 = (10y„)(1.486/0.014)[10y„/(y„ + 10 + y„)f 3 (0.006) ,/2 

y n = 2.57 ft (by trial and error) y c = (q 2 /g) V3 = [(^r)732.2] ,/3 = 3.03 ft 

Since y c >y„, the slope is steep. 

14.317 Water flows in a wide clean-earth (n = 0.020) channel at s 0 = 0.006 and q = 10 (m 3 /s)/m. Give the ranges of 
depths corresponding to flow on a type 1, 2, or 3 curve. 

I Q/B = (A/ B)(1.0/n)(R 2n )(s in ) 10 = (y„)(1.0/0.020)(y n ) 2/3 (0.006) 1 ' 2 

y„ = 1.77 m y c = (q 2 /g) m = (10 2 /9.807) 1 ' 3 = 2.17 m 

Since y c >y n , the slope is steep. Flow will be S, for y >2.17 m (see Fig. A-19); for 1.77 m <y <2.17 m; and 
S, fory < 1.77 m. 

14.318 Repeat Prob. 14.317 if the channel slope is 0.0014. 

I Q/B = (A/B)(1.0/n)(R vi )(s' n ) 10 = (y„)(1.0/0.020)(y„) 2/3 (0.0014) ,/2 

y„ = 2.73 m y c = (q 2 /g) m = (10 2 /9.807) ,/3 = 2.17 m 

Since y c <y n , the slope is mild. Flow will be M, for y > 2.73 m (see Fig. A-19); M 2 for 2.17 m <y < 2.73 m; and 
Mi for y < 2.17 m. 

14.319 Water flows at 130 cfs in an isosceles right-triangular sluice with n = 0.015 and s„ = 0.010. For what ranges of 
depths will the flow be a type 1, 2, or 3 curve? 

I e = (A)(1.486/n)(R 2 ' 3 )( i ^) A =y„y H =yl p w =2y„/(cos45°) 

R = A/p„=y 2 J[2y a /(cos 45°)] = 0.3536y„ 

130 = (y^)(1.486/0.015)(0.3536y„) 2/3 (0.010) 1/2 y n = 3.41 ft 

A c = (bQ 2 /g)' n yl = [(2y c )(130) 2 /32.2] l/3 y c = 4.02ft 

Since y c >y„, the slope is steep. Flow will be 5, for y > 4.02 ft (see Fig. A-19); £ for 3.41 ft <y < 4.02 ft; and S, 
fory < 3.41 ft. 

14.320 A riveted-steel (n = 0.014) duct is 2 m in diameter and laid on a slope of 0.000758. The duct is half-full of water 
flowing at 2.5 m 3 /s. Specify the type of the flow curve. 

1 Q = (A)(1.0/n)(R 2/3 )(i 1,2 ) ) Q ful , = [(jt)( 2) 2 /4](1.0/0.014)(|) 2/3 (0.000758) 1/2 = 3.89 m 3 /s, Q/Q fuU = 2.5/3.89 = 
0.64. From Fig. A-18, D/D MI = 58 percent. y„ = (0.58)(2) = 16 m, A c = (bQ 2 /g) m . Try y c = 0.70 m: 
ydytM = 0.70/2 = 0.35. From Fig. A-18, AjA tun = 30%. 

A c = 0.30[(tt)( 2) 2 /4] = 0.9425 m 2 b = 2[Vl 2 - (1 -y c f] (see Fig. 14-81) 

b = 2[Vl 2 - (1 - 0.70) 2 ] = 1.908 m 0.9425 = (1.908Q 2 /9.807) ,/3 g=2.07m 3 /s 

Since the computed value of Q (2.07 m 3 /s) is not equal to the given value (2.5 m 3 /s), try y c = 0.75 m; 
ydy fuii = 0.75/2 = 0.375. From Fig. A-18, A c /A tul , = 34%. 

A c = 0.34[(jt)( 2) 2 /4] = 1.068 m 2 b = 2[Vl 2 - (1 - 0.75) 2 ] = 1.936 m 
1.068 = (1. 936Q 2 /9. 807) 1/3 Q = 2.48 m 3 /s 
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This value of Q is close enough to the given value of 2.5 m 3 /s so that y c can be taken as 0.75 m. Since 
>>,. = 0.75 m< 1.16m = y„, the slope is mild, and an M 2 curve (Fig. A-19) is appropriate. 



14.321 Consider the gradual change from the profile beginning at point a in Fig. 14-82a, on a mild slope to a mild but 
steeper slope downstream. Sketch and label the curve y(x ) expected. 

f See Fig. 14-826. 



14.322 Consider the wide-channel flow in Fig. 14-83a, which changes from a mild to a steep slope. Beginning at point 
a, sketch the water-surface profile y(x) which is expected for gradually varied flow. 

I See Fig. 14-836. 



Fig. 14-83 


14.323 In Fig. 14-84« the channel slope changes from steep to less steep. Beginning at point a, sketch and label the 
expected surface curve y(x) from gradually-varied-flow theory. 



y 

V 

E 

S 

S, v 

A* 

3.0 

16.67 

7.313 

0.01407 







0.01125 

100 

3.5 

14.29 

6.669 

0.00842 







0.00691 

115 

4.0 

12.50 

6.426 

0.00539 


L = 215 ft 


Using only two depth increments gives (231.8 - 215)/231.8 = 0.07, or 7 percent smaller length than that using 
five increments. 

14.325 A wide-channel flow of q = 4 (m 3 /s)/m, with n = 0.016, climbs an adverse slope s 0 — —0.0009. Using distance 
increments of 125 mm, approximate the distance required for the depth to change from 2.5 m to 2.0 m. 

f y c = (q 2 /g) 1 ' 3 = (4 2 /9.807) 1/3 = 1.18 m. Hence we have an A 2 profile (see Fig. A-19). 


y 

v =4 ly 

E 

S = i» 2 u 2 /y 4/3 

*■»» 

Ax-AE/(s 0 — s myf ) 

2.5 

1.600 

2.6305 

0.0001931 

0.0002111 

99.8 

2.375 

1.684 

2.5196 

0.0002291 

0.0002518 

94.2 

2.25 

1.778 

2.4111 

0.0002745 

0.0003032 

87.7 

2.125 

1.882 

2.3056 

0.0003319 

0.0003692 

80.1 

2.0 

2.000 

2.2039 

0.0004064 


E (Ax) = L ~ 362 m 


14.326 Figure 14-85 illustrates “free overfall” or “dropdown,” where a channel flow accelerates down a slope and falls 
freely over a sharp edge. As shown, the flow becomes critical just before the overfall. Between y c and the edge 
the flow fluctuates rapidly and does not obey gradually-varied-flow theory. If the flow rate is q = 1.1 (m 3 /s)/m 
and the surface is unfinished concrete (n = 0.014), estimate the water depth 300 m upstream. 

I q = (1.0/n)(y)(y 2/3 )(s 1/2 ) 1.1 = (1.0/0.014)(y„)(y„) 2/3 (0.001047°) ,/2 y„ = 0.64 m 

y c = (q 2 /g) 1/3 = (1.1 2 /9.807) 1/3 = 0.50 m 
Hence we have an M 2 profile (see Fig. A-19). Use Ay = 0.02 m. 
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y 

v = 1.1/y 

E 

s 

S, v 

A* 

0.50 

2.200 

0.74669 

0.0023904 

0.0022439 

1.2 

0.52 

2.115 

0.74808 

0.0020975 

0.0019735 

3.7 

0.54 

2.037 

0.75149 

0.0018495 

0.0017439 

7.4 

0.56 

1.964 

0.75666 

0.0016384 

0.0015480 

13.3 

0.58 

1.897 

0.76333 

0.0014575 

0.0013796 

24.0 

0.60 

1.833 

0.77131 

0.0013018 

0.0012344 

48.0 

0.62 

1.774 

0.78044 

0.0011670 

0.0011367 

55.2 

0.63 

1.746 

0.78538 

0.0011064 

0.0010920 

57.3 

0.635 

1.732 

0.78795 

0.0010776 

0.0010692 

70.9 

0.638 

0.6385 

1.724 

1.723 

0.78951 

0.78977 

0.0010608 

0.0010580 

0.0010594 

21.6 


E (Ajc) = 300 m 






Fig. 14-85 

14.327 The clean-earth (n = 0.020) channel in Fig. 14-86 is 6 m wide and laid on a slope of 0.005236. Water flows at 
30 m 3 /s in the channel and enters a reservoir so that the channel depth is 3 m just before the entry. Assuming 
gradually varied flow, calculate the distance L. 

I Q = (j4)(1.0/«)(R 2/3 )(s 1/2 ) 30 = (6y„ )(1.0/0.022)[6y„ / (y„ + 6 + y„)H0.005236) ,/2 

y n = 1.52 m (by trial and error) y c = (q 2 lg)' B = [(30/6) 2 /9.807] l/3 = 1.37 m 
Hence we have an Af, profile (see Fig. A-19). Use Ay = 0.25 m. 


y 

v = 30/6y 

E 

R„ 

s = n 1 v 2 /R? 3 

. . 

Ajt 

3.0 

1.667 

3.1416 

1.500 

0.0006474 








0.0007321 

50 

2.75 

1.818 

2.9185 

1.435 

0.0008168 








0.0009373 

50 

2.50 

2.000 

2.7039 

1.364 

0.0010577 








0.001235 

51 

2.25 

2.222 

2.5017 

1.286 

0.0014122 








0.0016864 

52 

2.0 

2.500 

2.3186 

1.200 

0.0019605 









L = E (Ax) ~ 203 m 
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Fig. 14-86 

14.328 The channel of Fig. 14-87 is sometimes called a venturi flume, because measurements of yi and y 2 can be used to 
meter the flow rate. Suppose that b , = 4.5 m, b 2 = 3 m, y, = 2 m, and y 2 = 1.4 m. Assuming no losses, compute 
the flow rate Q. 

I yi+v 2 t /2g=y 2 + vl/2g Q =y i b i v x =y 2 b 2 v 2 

Solve these equations simultaneously: v 2 = {(2 g)(y, -y 2 )/[l - (y 2 b 2 /yib 1 ) 2 ]} 1 ' 2 , Q = y 2 b 2 v 2 = 

{(2g)(y , -y 2 )/[(l/blyl) - (1 !b\y\)]) m = {(2)(9.807)(2 -1.4)/[1/(3 2 )(1.4) 2 - l/(4.5) 2 (2) 2 ]} ,/2 = 16.3 m 3 /s. 


Fig. 14-87 


14.329 In Prob. 14.328, holding y,, b\, and b 2 fixed, find y 2 for critical exit flow v 2 . 

I y c = KQIbflg\ m - y 2 must equal y e . Q = {(2g)(y, - y 2 )l[(llb 2 2 y\) - (llb\y\)\} la (from Prob. 14.328). Try 
y 2 = 1.5 m: Q = {(2)(9.807)(2 - 1.5)/[1/(3 2 )(1.5) 2 - 1/(4.5) 2 (2) 2 ]} 1/2 = 16.27 m 3 /s, y c = [(16.27/3) 2 /9.807] 1/3 = 
1.44 m. Since y c = 1.44 m is not equal to the assumed y 2 = 1.5 m, try y 2 = 1.45 m: Q = {(2)(9.807)(2 — 
1.45)/[1/(3 2 )(1.45) 2 - 1/(4.5) 2 (2) 2 ]} 1/2 = 16.32 m 3 /s, y c = [(16.32/3) 2 /9.807]' /3 = 1.45 m (O.K.). Hence critical 
flow of 16.32 m 3 /s will occur at y 2 = 1.45 m. 

14330 In Prob. 14.328, holding y 2 , b u and b 2 fixed, find y, for a flow rate of 12.2 m 3 /s. 

f Q = {(2 g)(y, - y 2 )W/blyl) - (1 /6?y?)]} ,/2 (from Prob. 14.328) 

12.2 = {(2)(9.807)(y, - 1.4)/[(1/(3 2 )(1.4) 2 - l/(4.5) 2 (y 1 ) 2 ]} 1 ' 2 y, = 1.70 m (by trial and error) 

14.331 In the venturi flume of Fig. 14-87, let 6, = 5 ft, b 2 = 4 ft, y, = 3 ft, and Q = 75.9 cfs. Compute y 2 , assuming no 
losses. 

f Q = {(2s)(y, -y 2 )/[(l/&lyl) - (1/*>W)]} ,/2 (from Prob. 14.328) 

75.9 = {(2)(32.2)(2 -y 2 )/[(l/(3 2 )(y 2 ) 2 - 1/(4) 2 (2) 2 ]} 1/2 y 2 = 2.00 ft (by trial and error) 

14332 A flow of 35 m 3 /s flows along a trapezoidal concrete channel where (see Fig. 14-88) the base a is 4 m and /S is 
45°. If at section 1, the depth of the flow is 3 m, what is the water-surface profile up to a distance 600 m 
downstream. The channel is finished concrete and has a constant slope 5 0 of 0.001. 

I A L = ([1 - (Q 2 i/gA 3 )]/{5o - (n/K) 2 [Q 2 /(Rl?A 2 )]}) Ay 

We start with y, = 3 m. At this section we know that 

= (3)(4) + i(3)(3)(2) = 21 m 2 
(R„) 1 =A 1 /(p„) l = 21/[4 + (2)(3/0.707)] = 1.6818 m 
6, = 4 + (2)(3) = 10 m 




(i) 
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We take n = 0.012 and k = 1.00 and let >>2-3.1 m. Now we compute A 2 , (/?«) 2 , and b 2 . * 

A 2 = (3.1)(4) + i(3.1)(3.1)(2) = 22.01 m 2 
( R h ) 2 = 22.01/[4 + 2(3.1/0.707)] = 1.7236 m (2) 

b 2 = 4 + (2)(3.1) = 10.20 m 


In the first interval, the average values of A, R H , and b are 

(4i-2)»v = 21.505 m 2 
[(^//)i- 2 ]av = 1.7027 m 

(hi_ 2 )a, = 10.10 m 


(3) 


(AL)j_ 2 — |q 


1 - (35 2 )(10.10)/[(9.81)(21.505 3 )] 

01 - (0.012/1) 2 (35 2 )/[(1.7027 4/3 )(21.505 2 )] 


}(0.1) = 


107.4 m 


We thus have two points on the free-surface profile. Next we compute A 3 , R H} , and b 3 for y — 3.2 m. Using 
Eqs. (2) we now find the average values of these quantities in the interval 2-3. For instance, (A 2 _ 3 ), v = 
\{(22.0l) + [(3.2)(4) + (3.2 2 )]} = 22.525 m 2 . We then proceed as indicated for the first interval. 

The following table gives the results using six sections so that L toM = 600 m. 


section 

y,m 

Ay,m 

AL, m 

B 

1 

1 

3.0 

0.1 

0 

0 

2 

3.1 

0.1 

107.4 

107.4 

3 

3.2 

0.1 

106.9 

214.3 

4 

3.3 

0.1 

105.6 

319.9 

5 

3.4 

0.1 

104.7 

424.6 

6 

3.5 

0.1 

104.1 

528.7 

7 

3.6 

0.1 

103.8 

632.5 


We can now plot >> versus L, that is, the second and last columns, starting with >> = 3 for L - 0 m and going on 
to >> = 3.6 m for L = 632.5 m. A smooth curve through these parts gives the approximate desired profile. 



Fig. 14-88 


14.333 Water enters a rectangular channel which is 3 ft wide at an average velocity of 0.8 ft/s and a depth of 3 in. The 
channel is laid on a slope of 0.003499. If Manning’s n is 0.012, how far must the water travel before its depth 
becomes 4 in? Use four intermediary depths (Ay = 0.2 in) in the calculation. 


f 


Point 1: 


Ax = ([1 — ( Q 2 b/gA 3 )]/{ Sa - ( n/K) 2 [Q 2 /(RTA z )]» Ay 
s 0 = 0.003499 R h =by/(b + 2y)=y 


u,= 0.8 ft/s (/„), = vVb/VgA = (0.8)(V3)/V(g)(3)(i) = 0.282 Ay =0.2/12 ft 

Point 2: 


v 2 = (y n /y,)u, = (3/3.2)(0.8) = 0.750 ft/s (f R ) 2 = (0.750)(V3)/V(g)(3)(3.2/12) = 0.256 


* We are assuming that the depth y relative to the channel is increasing. If we get a positive result for A L, we know that our 
assumption is correct. If A L is negative, then the depth must be decreasing along the channel flow. Use y 2 less than 3 m in 
that case. 
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14.334 


14.335 


1 - 2 : 


Point 3: 


2-3: 


Point 4: 


3-4: 


Point 5: 


4-5: 


Point 6: 


5-6: 


(«i- 2 )av = (0.8 + 0.750)/2 = 0.775 ft/s (/*.,_ 2 ) av = (0.282 + 0.256)/2 = 0.269 

1-0.269 2 


(Ax),_ 2 = - 


« = 4.75 ft 


0.00349 - (0.012/1.486) 2 [0.775 2 /(3.1 /12) 4 * 3 ] V12 / 

u 3 = (3/3.4)(0.8) = 0.706 ft/s (/ R ) 3 = 0.706/[g(3.4/12)] 1/2 = 0.234 

(u 2 _ 3 ) av = (0.750 + 0.706)/2 = 0.728 ft/s (/ R , 2 _ 3 ) av = (0.256 + 0.234)/2 = 0.245 

1-0.245 2 /0.2\ 


(At) 2 _ 3 — 


0.00349 - (0.012/1.486) 2 [0.728 2 /(3.3/12) 4/3 ] 




v 4 = (3/3.6)(0.8) = 0.667 ft/s (/ R ) 4 = 0.667/V(g)(3.6/12) = 0.215 


(t» 3 - 4 )av = (0.706 + 0.667)/2 = 0.686 ft/s (/R.^av = (0.234 + 0.215)/2 = 0.224 


(A*);^ 


1-0.224 2 


0.00349 - (0.012/1.486) 2 [0.686 2 /(3.5/12) 4/3 ] \ 12 / 


=4.75 ft 


v s = (3/3.8)(0.8) = 0.632 ft/s (/ R ) 5 = 0.632/V(g)(3.8/12) = 0.198 

215 

75 


(«4- S )av = (0.667 + 0.632)/2 = 0.650 ft/s (/«, 4 -s)av = (0.215 + 0.198)/2 = 0.206 

1-0.206 2 /0.2\ 


(Ax) 4 _ 5 = - 


r)-4-75 ft 


0.00349 - (0.012/1.486) 2 [0.650 2 /(3.7/12) 4/3 ] V12 , 

v 6 = (j)(0.8) = 0.600 ft/s (/ R ) 6 = 0.600/[g(4.0/12)] 1 ' 2 = 0.183 

(v«).v = (0-632 + 0.600)/2 = 0.616 ft/s ( f R .«)„ = (0.198 + 0.183)/2 = 0.190 

_ 1-0.190 2 _/02\ 

( ^ “ 0.00349 - (0.012/1.486) 2 [0.616 2 /(3.9/12) 4/3 ] \ 12 / ' 

x = S (Ax) = 23.75 ft 

In Prob. 14.332, compute the distance L in one calculation where the free surface has a depth of 3.6 m. Do not 
average. 

I A L = ([1 - (Q 2 b / gA 3 )]/{So - (n/K) 2 [Q 2 /(R^A 2 )}}) Ay 

A = (3)(4) + (3) (3) = 21.00 m 2 p w = 4 + (2)(V3 r +3 5 ) = 12.49 m 
R„ = 21.00/12.49 = 1.681m *, = 3 + 4 + 3 = 10 m 

f 1 - (35) 2 (10)/(9.807)(21.00) 3 

' — lo.ooi — (0.( 


A L 


(0.012/1) 2 [35 2 / (1.681)‘* /3 (21.00) 2 ] 


}(3.6 —3) = 


649 m 


Do Prob. 14.334 using a linear average in the calculations. What is the percent error in not averaging? 
I AL = ([1 - (Q 2 blgA 3 )]/{S„ - {nlKf[Q 2 l{R% 3 A 2 )]}) Ay 

At the section where y = 3.6 m, 

A = (3.6)(4) + (3.6)(3.6) = 27.36 m 2 p w = 4 + (2)(V3.6 2 +3.6 2 ) = 14.18 m 
R„ = 27.36/14.18 = 1.929 m b = 3.6 + 4 + 3.6 = 11.20 m 
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Using corresponding values where y = 3 m from Prob. 14.334, 

A ay = (21.00 + 27.36)12 = 24.18 m 2 ( R„) m = (1.681 + 1.929)/2 = 1.805 m 
h av = (10 + 11.20)/2 = 10.60 m 
f 1 — (35) 2 (10.60)/(9.807)(24.18) 3 
“ 10.001 - (0.012/1 ) 2 [35 2 / (1 - 805) 4/3 (24.18) 2 ] J 
Error = (649 - 630)/630 = 0.03, or 3 percent. 


j}(3-6 —3)- 


; 630 m 


14336 A wide sluice, made of finished concrete and having slope s 0 = 0.0004, is fed from a large reservoir through a 
sharp-edged gate (Fig. 14-89). The coefficient of contraction C c is 0.82 and the coefficient of friction C f = 0.86. 
How far from the vena contracta does the water increase depth by 30 mm? Make a one-stage calculation with 
linear averages. 


I 


v\/2g + y, = v\!2g +y 2 y 2 = (0.30)(0.82) = 0.2460 m 

0 + 12 = u 2 /[(2)(9.807)] + 0.2460 v 2 = 15.18 m/s 
^theoretical ~ V 2^2 = (0.2460)(15.18) = 3.734 (m 3 /s)/m «? actual = (0.86)(3.734) = 3.21 (m 3 /s)/m 
Ax = ([1 - (Q 2 b/gA 3 )]/{s 0 - (n/jc) 2 [e 2 /« 3 A 2 )]» Ay 
Aydownstreem = 0.246 + 0.03 = 0.276 m 


Ax 


-fe 


1 - (3.21) 2 /(9.807)(0.276) 3 


0004 - (0.012/1) 2 [3.21 2 /(0.276) 4/3 (0.276) 2 ] 


| (0.030) = 


13.60 m 



Fig. 14-89 


14.337 Water is moving at 5 m/s in a very wide horizontal channel at a depth of 1 m. If n = 0.024, find analytically the 
distance x downstream to the section of depth 1.1m. 



14338 In a wide rectangular earth channel obstructed with stones (n = 0.032), the depth of flow increases from 1 m to 
1.1m over a 10 m distance. Compute the volumetric flow per unit width. 

10 - - >“> - y ?)<‘ - '“>1 

q = 30.% (m 3 /s)/m 


f 
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14.339 In Prob. 14.196, for a flow of 4900 cfs, calculate the distance downstream over which the depth increases from 
13 ft to 14 ft. Make a one-step calculation without averaging. 

I Ax = ([1 - (Q 2 b/gA 3 )]/{s 0 - (nlKf[Q 2 l(RTA 2 )]}) Ay 

From Prob. 14.196, A = 217.1 ft 2 , R h = 5.802 ft, n = 0.012, = 0.0016, b = 20 ft, and Ay = 1 ft. 


Ax 


-k 


1 - (4900) 2 (20)/(32.2)(217.1) 3 


0016 - (0.012/1.486) 2 [4900 2 /(5.802) 4/3 (217.1) 2 ] 


}(D = 


288 ft 


14.340 Repeat Prob. 14.339, using a linear average over the interval. 

f Ax - ([1 - (Q 2 blgA 3 )]/{s 0 - ( nlK) 2 [Q 2 l(RTA 2 )]}> Ay 

At y = 14 ft, A = (!)(jr)(10) 2 + (4)(10 + 10) = 237.1 ft 2 and R h = 237. l/[(x)(10) + 4 + 4] = 6.015 ft. Therefore, 
A av = (217.1 + 237.1)/2 = 227.1 ft 2 (/?*)„„ = (5.802 + 6.015)/2 = 5.908 ft 
1 - (4900) 2 (20)/(32.2)(227.1) 3 


Ax 


. 0 . 


0016 - (0.012/1.486) 2 [4900 2 /(5.908) 4/3 (227.1) 2 ] 


](D = 


220 ft 


14.341 Water flows at a rate of 500 ft 3 /s through a rectangular section 10.0 ft wide from a “steep” slope to a “mild” 
slope creating a hydraulic jump, in the manner illustrated in Fig. 14-90. The upstream depth of flow ( d t ) is 
3.1 ft. Find the (a) downstream depth, (6) energy (head) loss in the hydraulic jump, and (c) upstream and 
downstream velocities. 

I (a) d 2 = (d,/2)(Vl + 8 q 2 /gd\ - 1) = (3.1/2){Vl + (8)(500/10.0) 2 /[(32.2)(3.1) 3 ] - 1} = 5.7 ft 
(^) Ej = (d 2 — d l ) 3 /4d i d 1 = (5.7 — 3. l) 3 /[(4)(3.1)(5.7)] = 0.25 ft of water 

(c) Vi = Q/At = 500/[(3.1)(10.0)] = 16.1 ft/s v 2 = 500/[(5.7)(10.0)] = 8.8 ft/s 



Fig. 14-90 


14.342 Rework Prob. 14.341 for a flow rate of 20.0 m 3 /s, a channel width of 4.0 m, and an upstream depth of flow of 
1.20 m. 

f (a) d 2 = (d 1 /2)(Vl + 8q 2 /gd\ - 1) = (1.20/2){Vl + (8)(20.0/4.0) 2 /[(9.807)(1.20) 3 ] - 1} = 1.55 m 
Ej — (d 2 — di) 3 /4did 2 = (1.55 — 1.20) 3 /[(4)(1.20)(1.55)] = 0.006 m of water 
(c) Vi = Q/Ai = 20.0/[(l. 20)(4.0)] = 4.17 m/s v 2 = 20.0/[(1.55)(4.0)] = 3.23 m/s 

14.343 Water flows over a concrete spillway into a rectangular channel 9.0 m wide through a hydraulic jump, in the 
manner illustrated in Fig. 14-90. The depths before and after the jump are 1.55 m and 3.08 m, respectively. Find 
the rate of flow in the channel. 
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I q = {[(<*, + d 2 )/2](gd 1 d 2 )} 1 ' 2 = {[(1.55 + 3.08)/2][(9.807)(1.55)(3.08)]} 1/2 = 10.41 (m 3 /s)/m 

Q — (10.41)(9.0) = 93.7 m 3 /s 

14.344 Rework Prob. 14.343 if the channel width is 20 ft and the depths of flow before and after the jump are 4.5 ft and 
8.2 ft, respectively. 

f q = {[(d, + d 2 )/2](gd a d 2 )} 1/2 = {[(4.5 + 8.2)/2][(32.2)(4.5)(8.2)]} 1 ' 2 = 86.86 (ft 3 /s)/ft 

Q = (86.86) (20) = 1737 ft 3 /s 


14.345 A hydraulic jump occurs downstream from a 15-m-wide sluice gate. The depth is 1.5 m, and the velocity is 

20 m/s. Determine (a) the Froude number and the Froude number corresponding to the conjugate depth, (ft) 
the depth and velocity after the jump, and (c) the power dissipated by the jump. 

f (a) N F = v/Vgy (N f ) x = 20/V(9.807)(1.5) = 5.21 

(N f ) 2 = (2)(V2)(N F y[VT + (8)(N F )\ - ip = (2)(V2)(5.21)/[Vl + (8)(5.21) 2 - If 2 = 0.288 
(ft) ( N f ) 2 --- vjVgy v 2 y 2 = v 1 y 1 = (1.5)(20) = 30.00 m 2 /s 

v\ = (N F )]gy 2 = {N F )\{g )(30.00/u 2 ) = (0.288) 2 (9.807)(30.00/u 2 ) 
v 2 = 2.90 m/s y 2 = 30.00/2.90= 10.34 m 
(c) E, = (y 2 - y,f/4y t y 2 = (10.34 - 1.5) 3 /[(4)(1.5)(10.34)] = 11.13 m of water 

P = yQE, Q = Av = [(15)(1.5)](20) = 450 m 3 /s P = (9.79)(450)(11.13) = 49.0 X 10 3 kW 


14.346 Water flows at a rate of 16 m 3 /s at half critical depth in a trapezoidal channel with ft = 4 m and m = 0.4 (see Fig. 
14-91), before a hydraulic jump occurs. Prepare and execute a computer program to find the height after the 
jump and the energy loss in kilowatts. 

f 10 REM B:EX124 JUMP IN A TRAPEZOIDAL CHANNEL 

20 DEF1NT It DEE FNC (DY) =Q-'2» (B+2 • *M*DY> -6* <DY* <B+M*DY> ) ~3 ’ 

30 DEF FNFM(DY)=.5»B*DY~2+M*DY~3/3!+Gr2/<G*DY*<B+M*DY)> 

40 READ G.Q.B.M.GAMs DATA 9.806,16.,4.,.4,9806. 

50 YMAX= 16: YMIN=0!i LPRINT: LPR1NT"G, Q, B, M, GAM=" ; G ; H; B; M; GAM 

60 FOR 1=1 TO 15! YC=.5*(YMAX+YMIN) 

70 IF FNC <YC)>0! THEN YMIN=YC ELSE YMAX=YC 
80 PRINT YMAXjYMINjYC 

90 NEXT Ii LPRINT"Y1,YC=";.5*YC;YC 

100 Y1 = .5*YC: YMIN=YC: YMAX=3‘«YC: FM-FNFM <Y1) 

110 FOR 1=1 TO 15! Y2=.5*<YMAX+YMIN) 

120 IF FNFM<Y2)-FM>0) THEN YMAX=Y2 ELSE YMIN=Y2 

130 PRINT"YMAX,YMIN,Y2=";YMAXj YMlNj Y2i NEXT I 

140 A1=Y1*(B+M*Y1) ! A2=Y2*<B+M*Y2)! V1=G/Al! V2=Q/A2 

150 L0SS=<Vl''2-V2~2)/<2!*G)+Yl-Y2i P0WER=GAM*Q*L0SS/1000’ 

160 LPRINT"Y1,Y2,V1,V2,LOSS,POWER="j 

170 LPRINT USING"**#.### "j Y11Y2?VI|V2;LOSSj POWER 

B,Q,B,M,GAM= 9.B06001 16 4 .4 9806 

Y1,YC= .5661621 1.132324 

Y 1 ,Y2,V1,V2,LOSS,POWER= 0.566 1.973 6.687 1.693 0.726 113.970 



14.347 A rectangular channel 10 ft wide carries 100 cfs in uniform flow at a depth of 1.67 ft. Suppose that an 

obstruction such as a submerged weir is placed across the channel, rising to a height of 6 in above the bottom. 

(a) Will this obstruction cause a hydraulic jump to form upstream? Why? (ft) Find the water depth over the 
obstruction, and classify the surface profile, if possible, to be found upstream of the weir. 

f (a) y c = ( q 2 /g) m = [(t? j ) 2 /32.2] 1 ' 3 = 1.459 ft. Since [y 0 = 1.67 ft] > [y c = 1.459 ft], the slope is mild, flow is 
subcritical, and no jump can occur. 

(b) E = y + (1 /2g)(q 2 /y 2 ) E 0 = 1.67 + {l/[(2)(32.2)]}[(^) 2 /1.67 2 ] = 2.227 ft 

E min = (1 )(y e ) = (1X1.459) = 2.188 ft Az CTit = E 0 - E mia = 2.227 - 2.188 = 0.039 ft 

Since [Az = 0.5 ft] > [Az crit = 0.039 ft], y c occurs over the obstruction. Hence, the water depth over the 
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obstruction = 1.459 ft. Let yi = water depth just upstream of the obstruction. Assuming no energy loss over the 
obstruction, E x = + A z, or y„ + {l/[(2)(32.2)]}[(^) 2 /yf] = 2.188 + 0.5 = 2.688, y, = 2.42 ft or 0.943 ft (by 

trial and error). There is no mild profile that enables normal flow to become supercritical downstream, so 
y, = 0.943 ft is not possible here. Thus = 2.42 ft. Upstream of y u the water surface tends asymptotically to 
y 0 = 1-67 ft. 

14.348 Suppose that the slope and roughness of the channel in Prob. 14.347 are such that uniform flow of 120 cfs occurs 
at 1.00 ft. Consider an obstruction rising 3 in above the bottom of the channel. Will a hydraulic jump form 
upstream? As in Prob. 14.347, classify the surface profile found just upstream from the obstruction. 

f Since y 0 = 1.000 ft < 1.459 ft = y c , the slope is steep and for y = y„, the flow is supercritical. 

E=y + (1/2 g)(q 2 /y 2 ) E 0 = 1.000 + {1/[(2)(32.2)]}[( J ^) 2 /1.00 2 ] = 3.236 ft 

E mi „ = 2.188 ft (from Prob. 14.347) Az crit = E a - E min = 3.236 - 2.188 = 1.048ft 

Since A z = 0.250 ft < 1.048 ft = Az crit , the obstruction is not sufficiently high to produce critical flow. Hence, 
upstream the flow is straight supercritical uniform flow, and a hydraulic jump cannot form. 

14.349 In a rectangular channel 4 m wide with a flow of 7.53 m 3 /s the depth is 0.3 m. If a hydraulic jump occurs, find 
the depth downstream of it. Calculate the loss of specific energy through the jump. 

I y 2 = (yi/2)(Vl+8<? 2 /gy 3 -1) = (0.3/2){Vl + (8)(7.53/4) 2 /[(9.807)(0.3) 3 ] - 1} = 1.410 m 

Ej = (y 2 -y i ) 3 /4y l y 2 = (1.410 - 0.3) 3 /[(4)(0.3)(1.410)] = 0.808 m 

14.350 In a horizontal rectangular channel 8 ft wide the depths before and after a hydraulic jump are 0.82 ft and 3.16 ft. 
Find the rate of flow and the specific energy loss. 

I 4 = {[(</, + d 2 )ll]{gd x d 2 )} V2 = {[(0.82 + 3.16)/2][(32.2)(0.82)(3.16)]> l/2 = 18.18 (ft 3 /s)/m 

Q = (18.18)(8) = 145 ft 3 /s Ej = (d 2 ~ d 1 f/4d i d 2 = (3.16 - 0.82) 3 /[(4)(0.82)(3.16)] = 1.24 ft 

14.351 A tidal bore (progressive hydraulic jump) rises 13 ft above the normal low-tide river depth of 8 ft. The bore 
travels upstream at 16 mph (relative to the bank). Find the velocity of the undisturbed river. Is this subcritical or 
supercritical flow? 

I q = {[(rf, + d 2 )/2\(gd t d 2 )}' /2 = {[(13 +8 + 8)/2][(32.2)(13 + 8)(8)]} ,/2 = 280.1 cfs/ft 

u, = q/d , = 280.1/8 = 35.01 ft/s (relative to the bore) u jump = (16)(f§|j) = 23.47 ft/s 

The bore is moving upstream at a velocity of 23.47 ft/s while the river is moving into the bore at 35.01 ft/s. 
Therefore, the river is moving downstream at 35.01 — 23.47 = 11.54 ft/s; v 2 /2g = 11.54 2 /[(2)(32.2)] = 2.07 ft. 
Since v 2 /2g = 2.07 ft < 4 ft = y/2, the flow is subcritical. 

14.352 A hydraulic jump occurs in a triangular flume having side slopes 1:1. The flow rate is 17.72 cfs and the depth 
before the jump is 1.0 ft. Find the specific-energy loss in the jump. 

f Q 2 lgA x + (h c )iA, = Q 2 /gA 2 + (h c ) 2 A 2 . For the triangular section, h c = y/ 3, A = y 2 , and y, = 1.0 ft. 

17.72 2 /[(32.2)( 1.0) 2 ] + (1.0/3)(1.0) 2 = 17.72 2 /[(32.2)(y 2 ) 2 ] + (y 2 /3)(y 2 ) 2 
y 2 = 3.00 ft (by trial and error) 

= Q/A, = 17.72/1.0 2 = 17.72 ft/s v 2 = 17.72/3.00 2 = 1.97 ft 
E, = (y, + v\!2g) - (y 2 + v\!2g) = 1.0 + 17.72 2 /[(2)(32.2)] - 3.00 - 1.97 2 /[(2)(32.2)] = 2.815 ft 

14.353 A hydraulic jump occurs in a 4-m-wide rectangular channel carrying 5 m 3 /s on a slope of 0.004. The depth after 
the jump is 1.2 m. Find (a) the depth before the jump, (6) the losses of energy and power in the jump. 

I <«) y, = (y 2 /2)(Vl + 8 q 2 tgy\ - 1) = (1.2/2){Vl + (8)(|) 2 /[(9.807)(1.2) 3 ] - 1} = 0.191 m 

(b) Ej = (y 2 — y) 3 /4y,y 2 = (1.2 — 0.191) 3 /[(4)(0.191)(1.2)] = 1.120 m 

p = QyEj = (5)(9.79)(1.120) = 54.8 kW 
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14.354 Analyze the water-surface profile in a long rectangular channel with concrete lining (n = 0.013). The channel is 
10 ft wide, the flow rate is 400 cfs, and there is an abrupt change in channel slope from 0.0150 to 0.0016. Find 
also the horsepower loss in the jump. 

f Q = (1.486/n)(A)(/? 2/3 )(s I/2 ) 400 = (1.486/0.013)(10y Ol )[10y Ol /(10 + 2y„ 1 )] 2/3 (0.015) 1 ' 2 

By trial, y 0 , = 2.17 ft (normal depth on upper slope). Using a similar procedure, the normal depth y^ on the 
lower slope is found to be 4.80 ft. y c = (q 2 /g)' a = [(w)732.2] l/3 = 3.68 ft. Thus flow is supercritical (y 0 , <y„) 
before break in slope and subcritical (y 02 >y c ) after break, so a hydraulic jump must occur. y 2 = (yi/2)[—1 + 

Vl + (fy7gy?)], y'i = (2.17/2)(—1 + (1 + [8(40) 2 /32.2(2.17) 3 ]>’ /2 ) = 5.75 ft. Therefore the depth conjugate to 
the upper-slope normal depth of 2.17 ft is 5.75 ft. This jump cannot occur because the normal depth y^ on the 
lower slope is less than 5.75 ft. y[ = (4.80/2)(-l + {1 + [8(40) 2 /32.2(4.8) 3 ]} 1/2 ) = 2.76ft. The lower conjugate 
depth of 2.76 ft will occur downstream of the break in slope. The location of the jump (i.e., its distance below 
the break in slope) may be found by Ajc = (£, - E 2 )/(S - S 0 ), E, = 2.17 + [(400/21.7) 2 /64.4] = 7.45 ft, 

E 2 = 2.76 + [(400/27.6) 2 /64.4] = 6.02 ft, V m = (|)[(400/21.7) + (400/27.6)] = 16.46 fps, R m = (|)[(21.7/14.34) + 
(27.6/15.52)] = 1.645 ft, S = (nu/1.486K 2/3 ) 2 = [(0.013)(16.45)/1.49(1.645) 2/3 ] 2 = 0.01060, A* = (7.45 - 
6.02)/(0.0106 — 0.0016) = 160 ft. Thus depth on the upper slope is 2.17 ft; downstream of the break the depth 
increases gradually (M 3 curve) to 2.76 ft over a distance of approximately 160 ft; then a hydraulic jump occurs 
from a depth of 2.76 ft to 4.80 ft; downstream of the jump the depth remains constant (i.e., normal) at 4.80 ft. 
HP loss = yQ/Jz.,/550 where h Lj = AE. 

Before jump:'E] = 2.76 + [(400/27.6)764.4] = 6.02 ft. After jump: = 4.80 + [(400/48.0) 2 /64.4] = 5.88 ft. 

Hence HP loss = 62.4(400)(6.02 - 5.88)/550 = 6.35. 

14.355 A very wide rectangular channel with bed slope 5j, = 0.0003 and roughness n = 0.020 carries a steady flow of 
50 cfs/ft of width. If a sluice gate is so adjusted as to produce a minimum depth of 1.5 ft in the channel, 
determine whether a hydraulic jump will occur downstream, and if so, find (using one reach) the distance from 
the gate to the jump. 

I q = (y)(1.486/n)(y 2/3 )(s 1/2 ) 50 = (y o )(1.486/0.020)(y o ) 2/3 (0.0O03) 1,2 y 0 = 8.99ft 

y c = (q 2 /g) m = (50 2 /32.2) 1/3 = 4.27 ft 

Since y c < y 0 , the slope is mild. Since y = 1.5 ft caused by the gate < y c < y 0 , downstream of the sluice gate is an 
M 3 profile, which must be followed by a hydraulic jump to enable the flow to return to normal depth. 

yi = (y 2 /2)(Vl + 8q 2 /gyl - 1) = (8.99/2){Vl + (8)(50) 2 /[(32.2)(8.99) 3 ] - 1} = 1.63 ft 

Ax = (£i — £ 2 )/(S - So) £ = y + v 2 /2g 

For y = 1.5 ft, v = q/y = 50/1.5 = 33.33 ft/s, £ = 1.5 + 33.33 2 /[(2)(32.2)] = 18.75 ft. Fory = 1.63 ft, v = q/y = 
50/1.63 = 30.67 ft/s, £ = 1.63 + 30.67 2 /[(2)(32.2)] = 16.24 ft. 

v m = (33.33 + 30.67)/2 = 32.00ft/s R m = (1.5 + 1.63)/2 = 1.565 ft 

S = (nu/1.486R 2/3 ) 2 = {(0.020)(32.00) / [ (1.486)(1. S65) 223 ]} 2 = 0.1021 

Ax = (18.75 - 16.24)/(0.1021 - 0.0003) = 24.7 ft 

14.356 A rectangular channel 8 ft wide carries 280 cfs in uniform flow at a depth of 5 ft. Around a 40-ft-radius bend, 
how much higher should the outside wall be than the inside wall? 

f v = QIA = 280/[(5)(8)] = 7.000 ft/s, N F = u/\£y = 7.000/V(32.2)(5) = 0.552. Since N F < 1.0, the flow is 
subcritical. Ay = v 2 B/gr = (7.000) 2 (10)/[(32.2)(40)] = 0.380 ft. 

14.357 Repeat Prob. 14.356 if normal depth is 2 ft. 

I v = QIA = 280/[(2)(8)] = 17.5 ft/s, N F = v/Vgy = 17.5/V(32.2)(2) = 2.18. Since N F > 1.0, the flow is 
supercritical. Ay = v 2 B/gr = (17.5) 2 (8)/[(32.2)(40)] = 1.90 ft. Because of (supercritical) wave action, maximum 
water depth at inside wall = y 0 , and maximum water depth at outside wall = (y„ + Ay). Therefore, the required 
difference in wall elevations = 1.90 ft. 

14.358 Rework Prob. 14.356 for these data: b = 4 m, Q = 8 m 3 /s, y = 2.0 m, r = 30 m. 

f v = Q/A = 8/[(4)(2.0)] = 1.000 m/s, N F = u/Vgy = 1.000/V(9.807)(2.0) = 0.226. Since N F < 1.0, the flow is 
subcritical. Ay = v 2 B/gr = (1.000) 2 (4)/[(9.807)(30)] = 0.0136 m. 
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14.359 Find the maximum volumetric flow in a 3-ft by 3-ft concrete box culvert (n = 0.013) with a rounded entrance 
( k :, = 0.05, C d = 0.95) if the culvert slope is 0.0065, the length 100 ft, and the headwater level 5 ft above the 
culvert invert? Assume free outlet conditions. Neglect headwater and tailwater velocity heads. 

f Headwater/d = § = 1.7. Since 1.7 > 1.2, conditions are those of Fig. 14-926 or 14-92c. Assume case b. 

R = A/p w = (3)(3)/(3 + 3 + 3 + 3) = 0.750 ft 
(Mi -3 = (yi - y 3 ) + (zi - z 3 ) = y,-y 3 + s 0 L 
Ah = {k' + 29n 2 L/R 4/3 + l)(u 2 /2g) y, -y 3 + s 0 L = (k e + 29n 2 L/R 4r3 + l)(v 2 /2g) 

5 - 3 + (0.0065)(100) = [0.05 + (29)(0.013) 2 (100)/0.75 4/3 + l]{v 2 /[(2)(32.2)]} v = 9.82 ft/s 
Q =Av = t(3)(3)](9.82) = 88.38 ft 3 /s = (A)(1.486/n)(/? 2/3 )(j ,/2 ) 

Now find the depth y 0 which occurs with normal uniform flow at this flow rate: 88.38 = 

(3y 0 )(l.486/0.013)[3y o /(yo + 3 + _y o )] 2/3 (0.0065) 1/2 , y„ = 3.16 ft (by trial and error). Since y 0 > d, the culvert flows 
full. Free discharge at the outlet is given; therefore, the preceding assumption and computations are valid, and 
Q = 88.38 ft 3 /s. 





(c) Entrance control, normal depth < barrel height Fig. 14-92 

14.360 Solve Prob. 14.359 given that the tailwater elevation is 1 ft above the top of the box at the outlet, 
f Headwater/d = 3 = 1.7. Since 1.7 > 1.2, conditions are those of Fig. 14-92« with y 2 = 4 ft. 

R = A/p w = (3)(3)/(3 -I- 3 + 3 + 3) = 0.75 ft 
(M1-3 = (y t - y 3 ) + (*i - z 3 ) =y,-y 3 + s 0 l 
Ah = ( k , + 29 n 2 L/R 4 ' 2 + l)(v 2 /2g) y t - y 3 + s 0 L = (k e + 29 n 2 L/R^ + 1 )(v 2 /g) 

5 - 4 + (0.0065)(100) = [0.05 + (29)(0.013) 2 (100)/0.75 4/3 + 1]{u 2 /[(2)(32.2)]} v = 7.75 ft/s 

Q = Av = [(3)(3)](7.75) = 69.8 ft 3 /s 

14.361 Solve Prob. 14.359 given that the tailwater elevation is 2 ft above the top of the box at the outlet, 
f Headwater/d = § = 1.5. Since 1.5 > 1.2, conditions are those of Fig. 14-92a with y 2 = 6 ft. 

R = A/p w = (4)(4)/(4 + 4 + 4 + 4) = 1.000 ft 
(M1-3 = (y, - y 3 ) + (*i - z 3 ) =yi-y 3 + s 0 l 
Ah = (It, + 29 n 2 UR m + l)(u 2 /2g) y, - y 3 + s 0 L = (It, + 29n 2 L/R 4B + l){v 2 /2g) 

5 - 5 + (0.0065)(100) = [0.05 + (29)(0.013) 2 (100)/0.75 4 ' 3 + l]{u 2 /[(2)(32.2)]} v = 4.864 ft/s 

Q = Av = [(3)(3)](4.864) = 43.8 ft 3 /s 
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14.362 Repeat Prob. 14.359 if the culvert slope is 0.043. 

f Headwater/d = § = 1.7. Since 1.7 > 1.2, conditions are those of Fig. 14-926 or 14-92c. Assume case 6. 

R = A/p w = (3)(3)/(3 + 3 + 3 + 3) = 0.75 ft 
(h L ),_ 3 = (y, - y 3 ) + (z, - z 3 ) = - y 3 + s 0 L 

Ah = {k e + 29n 2 L/R 413 + l)(u 2 /2g) y, -y 3 + s 0 L = (k r + 29 n 2 L/R 4/3 + l)(v 2 /2g) 

5 - 3 + (0.043)(100) = [0.05 + (29)(0.013) 2 (100)/0.75 4/3 + l]{i/ 2 /[(2)(32.2)]> v = 15.14 ft/s 
Q = Av = [(3)(3)](15.14) = 136ft 3 /s = (A)(1.486/n)(R 2/3 )(s 1 ' 2 ) 

Now find the depth y„ which occurs with normal uniform flow at this flow rate: 136 = 

(3y 0 )(l ■ 486/0.013)[3y o /(y 0 + 3 + y o )r 3 (0.043) 1/2 , y„ = 2.1 ft (by trial an d error). Since y 0 < d, the situation is 
actually case c; therefore, Q = C d A'Jlgh = (0.95)[(3)(3)]V(2)(32.2)(3) = 119 ft 3 /s. 

14.363 Repeat Prob. 14.359 if the culvert slope is 0.08. 

f Headwater/d = § = 1.7. Since 1.7 > 1.2, conditions are those of Fig. 14-926 or 14-92c. Assume case 6. 

R = A/p„ = (3)(3)/(3 + 3 + 3 + 3) = 0.75 ft 

(6l)i_ 3 = (yi - y 3 ) + (zi - z 3 ) = yi - y 3 + s 0 l 
Ah = (k f + 29n 2 L/R 413 + l)(v 2 /2g) y, - y 3 + s 0 L = (A:, + 29n 2 L/R 4 * + l)(u 2 /2g) 

5 - 3 + (0.08)(100) = [0.05 + (29)(0.013) 2 (100)/0.75 4/3 + l]{u 2 /[(2)(32.2)]} v = 19.08 ft/s 
Q-Av = [(3)(3)](19.08) = 172 ft 3 /s = (A)(1.486/n)(R 2/3 )(i 1/2 ) 

Now find the depth y„ which occurs with normal uniform flow at this flow rate: 172 = 

(3y„)(1.486/0.013)[3y„/(y n + 3 + y„)] M (0.08) 1/2 , y 0 = 1.98 ft (by trial and err or). Since y 0 < d, our assumption 
was wrong and we have, as in Prob. 14.362, Q = C d A\/2gh = (0.95)[(3)(3)]V(2)(32.2)(3) = 119 ft' /s. 

14.364 A culvert under a road must carry 4.3 m 3 /s. The culvert length will be 30 m and the slope will be 0.003. If the 
maximum permissible headwater level is 3.6 m above the culvert invert, what size corrugated-pipe culvert 

(n = 0.025) would you select? The outlet will discharge freely. Neglect velocity of approach. Assume 
square-edged entrance with k e = 0.5 and C d = 0.65. 

I Assume d < 3.0 m, so that [headwater/d] > [3.6/3.0 = 1.2] and the conditions are those of Fig. 14-926 or 
14-92c. Assume case 6. 

(6i.)i- 3 = (yi - y 3 ) + (Zi - Z 3 ) = y ( - y 3 + s 0 L A6 = (A:, + 19.62n 2 L/R 4/3 + l)(v 2 /2g) 
y, — y 3 + s 0 L = ( k e + 19.62n 2 L/R‘ U3 + l)(u 2 /2g) v = Q/A = 4.3/(n:d 2 /4) = 5.475/d 2 

3.6 - d + (0.003)(30) = [0.5 + (19.62)(0.025) 2 (30)/(d/4) 4 ' 3 + l]{(5.475/d 2 ) 2 /[(2)(9.807)]} 
d = 1.20 m (by trial and error) Q = (A)(1.0/«)(R 2/3 )(s 1 ' 2 ) 

Now find the diameter d 0 which just flows full with normal uniform flow: 4.3 = 

(;rdo/4)(1.0/0.025)(d o /4) 2/3 (0.003) I/2 , d 0 = 1.99 m. Since d 0 > d, the culvert flows full, and free discharge at the 
outlet is given. Therefore, the above assumptions and analysis are valid, and d = 1.20 m. 

14.365 Repeat Prob. 14.364 for a culvert length of 100 m. 

f Assume d < 3.0 m, so that [headwater/d] > [3.6/3.0 = 1.2] and the conditions are those of Fig. 14-926 or 
14-92c. Assume case 6. 

(6/.),_ 3 = (yi - y 3 ) + (Z| - Z 3 ) = y, - y 3 + S 0 L Ah = (&, + 19.62 n 2 L/R* /3 + l)(v 2 /2g) 
y, - y 3 + s a L = ( k f + 19.62n 2 L/R 4 ' 3 + l)(u 2 /2g) v = Q/A = 4.3/(zrd 2 /4) = 5.475/d 2 

3.6 - d + (0.003)(100) = [0.5 + (19.62)(0.025) 2 (100)/(d/4) 4/3 + 1]{(5.475/d 2 ) 2 /[(2)(9.807)]} 
d = 1.41m (by trial and error) Q = (A)(1.0/n)(R 2/3 )(s ,/2 ) 

Now find the diameter d 0 which just flows full with normal uniform flow: 4.3 = 

(ndl/4)( 1.0/0.025)(d o /4) 2/3 (0.003) l/2 , d„ = 1.99 m. Since d„ > d, the culvert flows full, and free discharge at the 



450 0 CHAPTER 14 


outlet is given. Therefore, the above assumptions and analysis are valid, and d = 1.41 m. Use standard diameter 
1.50 m. 

14.366 Water flows in a wide channel at q = 18 (ft J /s)/ft, y, = 1 ft, and then undergoes a hydraulic jump. Compute y 2 , 
v 2 , (N F ) 2 , Ej, and the power dissipated per unit width. 

I N F = v/Vgy Vi = q/y, = t = 18.00 ft/s 

(N F ) X = 18.00/V(32.2)(1) = 3.17 E=y + v 2 /2g 
E x = 1 + 18.007[(2)(32.2)] = 5.03 ft 

y 2 = (y 1 /2)(Vl + 8 f]gy\ - 1) = (|){Vl + (8)(18) 2 /[(32.2)(1) 3 ] - 1} = 4.01 ft 
v 2 = q/y 2 = 18/4.01 = 4.49 ft/s (N F ) 2 = 4.49/V(32.2)(4.01) = 0.395 
E, = (y 2 -y,) 3 /4y,y 2 = (4.01 - 1) 3 /[(4)(4.01)(1)] = 1.70 ft 
^dissipated = qyE, = (18)(62.4)(1.7) = 1909 (ft-lb/s)/ft = 3.47 hp/ft 

14.367 A wide-channel flow at depth 60 cm passes through a hydraulic jump and emerges at a depth of 3.0 m. Compute 
the velocities on either side of the jump and the critical depth of flow. 

f 2y 2 /y, = — 1 + [1 + 8(7V F )i] 1/2 (2)(3.0)/(0.60) = -1 + [1 + (8)(JV r ) 2 ] l/2 (7V F ), = 3.87 

N f = v/Vgy 3.87 = i»i / V(9.807)(0.60) v,= 9.39 m/s 

Viyi = v 2 y 2 (9.39)(0.60) = (v 2 )(3.0) v 2 = 1.88 m/s 

q =yv = (3.0)(1.88) = 5.64 (m 3 /s)/m y c = (q 2 /g) m = (5.64 2 /9.807) ,/3 = 1.48 m 

14.368 The flow downstream of a hydraulic jump in a rectangular channel is 8 m deep and has a velocity of 3.6 m/s. 
Obtain the velocity and depth upstream of the jump. 

I 2y 1 /y 2 =-l + [l + 8(/V F )!] 1/2 N F = u/Vgy (N F ) 2 = 3.6/V(9.807)(8) = 0.406 

2y t /8 = -1 + [1 + (8)(0.406) 2 ] 1/2 y, = 2.09 m y,u, = y 2 v 2 
2.09v t = (8)(3.6) v x = 13.78 m/s 

14.369 Water in a horizontal channel accelerates smoothly over a bump and then undergoes a hydraulic jump, as in 
Fig. 14-93. If y, = 1 m and y 3 = 30 cm, estimate v,, v 3 , and y 4 . Neglect friction. 

f E x = E 3 y, + v\/2g = y 3 + vj/2g 1 + u?/[(2)(9.807)] = 0.30 + u7[(2)(9.807)] 

y x v, =y 3 v 3 v 1 =y 3 v 3 /y l = (0.30)(d 3 )/1 = 0.3000u 3 
1 + (0.3000 u 3 ) 2 /[(2)(9.807)] = 0.30 + ul/[(2)(9.807)] 
t> 3 = 3.88 m/s u, = (0.3000)(3.88) = 1.16 m/s 
2 yjy 3 = -1 + [1 + 8(A f )!] ,/2 N f = v/Viy 
(N f ) 3 = 3.88/V(9.807)(0.30) = 2.26 2y 4 /(0.30) = -! + [!+ (8)(2.26) 2 ] 1 ' 2 y 4 = 82cm 


( 1 ) 



14.370 Evaluate the bump height h in Prob. 14.369. 

I y, + v\!2g = y 2 + v\!2g + h 

1 + 1.16 2 /[(2)(9.807)] =y 2 + u 2 /[(2)(9.807)] + h 
y,v,=y 2 v 2 (1)(1.16 )=y 2 v 2 v 2 =1.16/y 2 
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Since flow over the bump is critical, 

v 2 = v c = Vgyj 1. 16/y 2 — V9.807 y 2 y 2 = 0.516 m v 2 = 1.16/0.516 = 2.248 m/s 

1 + 1.16 2 /[(2)(9.807)] = 0.516 + 2.248 2 /[(2)(9.807)] + h h = 29.5 m 

14.371 Repeat Prob. 14.369 if y, = 3 ft and y 3 = 1 ft. 

I E 3 = E 3 y, + v\l2g=y 3 + v\l2g 3 + wf/[(2)(32.2)] = 1 + uI/[(2)(32.2)] 

yi«i = y 3 v 3 v 3 = y 3 v 3 /yi = (l)(v 3 )/3 = 0.3333v 3 
3 + (0. 3333t» 3 ) 2 /[(2)(32. 2)] = 1 + v 2 3 /[(2)(32.2)] 
v 3 = 12.04 ft/s v t = (0.3333)(12.04) = 4.01 ft/s 2 yjy 3 = -1 + [1 + 8(N F )l] m 

N F = v/Vgy (N f ) 3 = 12.04/V(32.2)(1) = 2.12 
2y 4 /(l)=-l + [l + (8)(2.12) 2 ] ,/2 y 4 = 2.54ft 

14.372 Evaluate the bump height h in Prob. 14.371. 

I y 3 + v 2 J2g = y 2 + vll2g + h 

3 + 4.01 2 /[(2)(32.2)] = y 2 + v\l [(2) (32.2)] + h 
y 3 v 3 = y 2 v 2 (3)(4.01) = y 2 v 2 v 2 = 12.03/>' 2 
Since flow over the bump is critical, 

U2 = Uc = Vgj^ 12.03/y 2 = V32.2_y 2 y 2 = 1.65ft v 2 = 12.03/1.65 = 7.29 ft/s 
3 + 4.0l7[(2)(32.2)] = 1.65 + 7.29 2 /[(2)(32.2)] + h h = 0.775 ft = 9.3 in. 

14.373 Find the power loss in a 100-ft-wide hydraulic jump from depth 3 ft to depth 12 ft. 

I Ej = (y 2 — y 1 ) 3 /4y 1 > , 2 = (12 — 3)7[(4)(12)(3)] = 5.063 ft P = QyE, N F = v/V^y 

2y 2 /y 1 = -l + [l + 8(/V F ) 2 ] 1/2 (2)(12)/3 = —1 + [1 + (8)(/V F ) 2 ]'' 2 (W F ), = 3.16 

3.16 = u 1 /V(32.2)(3) u, = 31.06 ft/s Q=A x Vi = [(100)(3)](31.06) = 9318 ft 3 /s 
P = (9318)(62.4)(5.063) = 2.944 x 10 6 ft-lb/s = 5353 hp 

14.374 At a certain section of a rectangular channel 10 ft wide, the depth of flow is 2 ft and the flow rate is 400 ft 3 /s. If a 
hydraulic jump occurs, will it be upstream or downstream of this section? 

| Vc = = V(32.2)(2) = 8.02 ft/s v = Q/A = 400/[(10)(2)] = 20.00 ft/s 

Since v > v c , the flow is supercritical, and a hydraulic jump must occur downstream. 

14.375 A still canal is 2 m deep and the water behind a bore (Prob. 14.351) is 4 m deep. Obtain the propagation speed 
of the bore. 

f N f = v/Vgy 2y 2 /y, = -1 + [1 + 8(N F ) 2 ,] V2 (2)(4)/2= -1 + [1 + (8)(A/ r F )?p 

(N f ) , = 1.73 1.73 = u 1 /V(9.807)(2) u l = c bOFC = 7.66 m/s 

14.376 In Prob. 14.375 suppose that the water upstream flows toward the bore at 4 m/s ground speed. What is the 
ground speed of the bore? 

^ r^bore/ground ^bore/water 4” U^ater/ground 7.66 4“ 4 3.66 m/s. 

14.377 Consider the flow under the sluice gate of Fig. 14-94. If y t = 9 ft and all losses are neglected except the 
dissipation in the jump, calculate y 2 and y 3 and the percentage dissipation. The channel is horizontal and wide. 

I yi + V\/2g = y 2 + V\!2g 10 + 2 2 /[(2)(32.2)] = y 2 + Vi/[(2)(32.2)] 

V^yi = V 2 y 2 (2.2)(9) = V 2 y 2 y 2 =19.8/V 2 
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9 + 2.2 2 /[(2)(32.2)] = 19-8/14 + V|/[(2)(32.2)] V 2 = 23.0ft/s (by trial and error) 

y 2 = 19.8/23.0 = 0.861 ft 2y 3 /y 2 = -1 + [1 + 8(N F )|] ,/2 N F =V/Vgy 
(N f ) 2 = 23.0/V(32.2)(0.861) = 4.37 2y 3 /0.861 = -1 + [1 + (8)(4.37) 2 ] ,/2 y 3 = 4.91ft 

E, = (y, - y 2 ) 3 /iy 3 y 2 = (4.91 - 0.861)7[(4)(4.91)(0.861)] = 3.93 ft 
E 2 =y 2 + Vi/2 g = 0.861 + 237[(2)(32.2)] = 9.08 ft 
Percentage dissipation = (3.93/9.08)(100%) = 43.3% 


Fig. 14-94 

14.378 If bottom friction is included in the sluice-gate flow of Fig. 14-94, the depths y u y 2 , and y 3 will vary with x. What 
type of solution curves will we have in regions 1, 2, and 3? 

f See Fig. 14-95. 



14.379 A 10-cm-high bump in a wide horizontal water channel creates a hydraulic jump just upstream and the flow 
pattern in Fig. 14-96. Neglecting losses except in the jump, for the case y 3 = 30 cm, estimate V 4 , y 4 , V„ and y t . 

f Since y 4 < y 3 , assume flow over the hump is critical. 

V = Vgy V 3 = V(9.807)(0.30) = 1.715 m 
E 2 = E 3 = E 4 = y 3 + Vj/2g + h = E 4 = 0.30 + 1.7157[(2)(9.807)] + 0.10 = E 4 
E 2 = E 3 = E 4 = 0.5500 m E 2 = y 2 + V\Hg = 0.5500 m 
q = V 2 y 2 = V 3 y 3 = V 4 y 4 = (1.715)(0.30) = 0.5145 m7s V 2 = 0.5145/y 2 
y 2 + (0.5145/y 2 )7[(2)(9.807)] = 0.5500 
y 2 = 0.495 m (by trial and error) V 2 = 0.5145/0.495 = 1.039 m/s 
N f = V/Vgy (N f ) 2 = 1.039/V(9.807)(0.495) = 0.472 (subcritical) 

2y,/y 2 =-l + [l + 8(AT F )l] 1/2 2y,/0.495 = —1 + [1 + (8)(0.472) 2 ] l/2 y,= 0.165 m 

V, = q/y t = 0.5145/0.165 = 3.12 m/s F 3 = £ 4 = 0.5500 m y 4 + V 2 J2g = 0.5500 m 
V 4 y 4 = 0.5145 m7s V 4 = 0.5145/y 4 y 4 + (0.5145/y 4 )7[(2)(9.807)] = 0.5500 m 
y 4 = 0.195 m (by trial and error) V 4 = 0.5145/0.195 = 2.64 m/s 


Fig. 14-96 

14.380 Water flows in a wide channel at q = 10 (m 3 /s)/m and ^ = 1.25 m. If the flow undergoes a hydraulic jump, 
compute (a) y 2 , ( b ) V 2 , (c) (N F ) 2 , (d) E jt (e) the percentage dissipation, (/) the power dissipated per unit 
width, and (g) the temperature rise due to dissipation if c p = 4200//(kg-K). 
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| (a) v x = q/y x = 10/1.25 = 8.00 m/s N F = V/Vgy (N F ) X = 8.00/V(9.807)(1.25) = 2.285 
2y 2 /y, = -l + [l + 8(A F )?] 1/2 2y 2 ll.25 = —1 + [1 + (8)(2.285) 2 ] 1/2 y 2 = 3.46 m 

(6) V iyi =F 2 y 2 (8.00)(1.25) = (V 2 )(3.46) V 2 = 2.89 m/s 

(c) (A F ) 2 = 2.89/V(9.807)(3.46) = 0.496 

(d) Ej = (y 2 - y x y/ty 2 y x = (3.46 -1.25) 3 /[(4)(3.46)(1.25)] = 0.624 m 

(e) E, = y, + v\Hg = 1.25 + 8.00 2 /[(2)(9.807)] = 4.51 m 
Percentage dissipation = £,/£, = 0.624/4.51 = 0.138 or 13.8 percent 

(/) P = qyE, PdiMipaMd = (10)(9.79)(0.624) = 61.1 kW/m 

(#) P = rhc p AT = pqc„ AT (61.1)(1000) = (1000)(10)(4200)(Ar) AT = 0.0015 K 


14.381 Water flows over a spillway into a sluice 10 m wide. Before the jump the water has a depth of 1 m and a velocity 
of 18 m/s. Determine the Froude number before the jump and the depth of flow after the jump. 

I N F = V/Vgy (N f ), = 18/V(9.807)(1) = 5.75 

y 2 = [-y, + Vy? + (8<2 2 /g6 2 )(l/y,)]/2 Q=A 1 V, = [(10)(1)](18) = 180 ft 3 /s 

y 2 = {-1 + Vl 2 + [(8)(180) 2 /(9.807)(10) 2 K!)}/2 = 7.64m 


14.382 A rectangular channel has a width of 5 ft and a flow of 10 cfs; the depth in front of a hydraulic jump is 3 in. 
Determine the specific energy (in ft-lb/slug) behind the jump. 

I yz = [-yi + Vy 2 + (8Q 2 /g6 2 )(l/y,)]/2 

= {-^ + V(1 ? 2 ) 2 + [(8)(10) 2 /(32“^K5) 2 ][l/(f 2 )]}/2 = 0.880 ft 
KE = v 2 /2 v 2 = Q/A 2 = 10/[(0.880)(5)] = 2.27 ft/s (KE) 2 = 2.27 2 /2 = 2.58 ft-lb/slug 


14J83 Water in a rectangular, finished-concrete channel overflows a dam, as shown in Fig. 14-97, and goes into a 
stilling basin at which there is a hydraulic jump. If the channel is of width 6 m, has slope 0.003, and carries 
18 m 3 /s, calculate the depth y at O. 


I Ajc = ((1 - (Q 2 b /gA 3 )]/{s 0 - (n/K) 2 [Q 2 l(R?A 2 )]}) Ay 

A = (5)(6) = 30.00 m 2 R h = A/p w = 30.00/(5 + 6 + 5) = 1.875 m 

f 1 - (18 2 )(6)/(9.807)(30.00) 3 ] 

l0.003 - (0.012/1.0) 2 [18 2 /(1.875)‘* /3 (30.00 ) 2 ] y) 

Ay = 0.180 m y =5 + 0.180 = 5.180 m 



14.384 Does linear averaging significantly improve the solution of Prob. 14.383? 

I Ax - ([1 - (Q 2 fi/gA 3 )]/{s„ - (nlKf[Q 2 l{RTA 2 )}}) Ay 
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At O, A = (5.180)(6) = 31.08 m 2 and R h = A/p w = 31.08/(5.180 + 6 + 5.180) = 1.900 m; therefore, 

A av = (30.00 + 31.08)/2 = 30.54 m 2 (R„) ty = (1.875 + 1.900)/2 = 1.888 m 

60 = f 1 — (18 2 )(6)/(9.807)(30.54) 3 ) 

10.003 — (0.012/1.0) 2 [18 2 /(1.888) 4/3 (30.54) 2 ]J' y) 

Ay = 0.180 m 

14.385 Determine the depth y 2 at the hydraulic jump of Prob. 14.383. 
f Neglecting friction at the dam, 

Ei = E 0 E = y + q 2 /2y 2 g E 0 = 5.180 + ('#) 2 /[(2)(5.180) 2 (9.807>] = 5.197 m 
Ei — y x + (¥) 2 /[(2y?)(9.807)] = 5.197 m y, = 0.306 m (by trial and error) 
y 2 = [-J'i + Vy? + (8Q 2 /gb 2 )(l/y,)]/2 
= {-0.306 + V0.306 2 + [(8)(18) 2 /(9.807) (6) 2 ](l/0.306)}/2 = 2.301 m 


14.386 Water flows in a 4-m-wide rectangular channel at Froude number VlO; the depth of flow is 1 m. If the water 
undergoes a hydraulic jump, what is the Froude number downstream of the jump? 

I N F = v/Vgy Vl6 = WV(9.807)(1) v = 9.903 m/s 

Q =Av = [(4)(1)](9.903) = 39.61 m 3 /s 

y 2 = [~yi + Vy? + (8Q 2 /gb 2 )(l/y,)]/2 

= (-1 + Vl 2 + [(8)(39.61) 2 /(9.807)(4) z ](l/l)}/2 - 4.000 m 

v 2 = Q/A 2 = 39.61/[(4.000)(4)] = 2.476 m/s (N F ) 2 = 2.476/V(9.807)(4.000) = 0.395 

14.387 Water in a 10-m-wide rectangular channel experiences a jump in depth from 2 m to 6 m. Find the Froude 
numbers on either side of the jump. 

I y 2 = [-y, + Vy? + (8e 2 /gb 2 )(l/y 1 )]/2 6 = {-2 + V2 2 + [8G 2 /(9.807)(10) 2 ](|)}/2 

Q = 217 m 3 /s 

N f = vN& = Q!A X = 217/[(10)(2)] = 10.85 m/s (N F ) t = 10.85/V(9.807)(2) = 2.45 

v 2 = Q/A 2 = 217/[(10)(6)] = 3.62 m/s (N F ) 2 = 3.62/V(9.807)(6) = 0.472 

14.388 Water flows in a rectangular concrete channel and undergoes a hydraulic jump such that 60 percent of its 
mechanical energy is to be dissipated. If the volume flow rate is 100 m 3 /s and the width of the channel is 5 m, 
what must the Froude number be just before the jump? Set up the proper equations but do not actually solve. 

I N F = v/Vgy E=y + v 2 /2g = Q/Aj = 100/(5y,) = 20.00/y, 

Ei=yi + (20.00/y 1 ) 2 /[(2)(9.807)] =y, + 20.39 /y\ E, = [yl -y 3 +yiy 2 (yi -y 2 )]/4y!y 2 

°-60£i = (0.60)(y l + 20.39/y?) = [yl~y\ +yiy 2 (yi -y 2 )]/4y r y 2 (1) 

y 2 = [-y, + Vy? + (8e 2 /gb 2 )(l/y 1 )]/2 = {-y x + Vy{ + [(8)(100) 2 /(9.807)(5) 2 ](l/y 1 )}/2 (2) 

Solve Eqs. (1) and (2) to find y, and y 2 . Then, v l = Q/A l = 100/5 y x , (F R ) 1 = (100/5y 1 )/y/(9.807)(y 1 ) = 

6.386 y~ 312 . 


14.389 Water is flowing from a spillway into a stilling basin, as shown in Fig. 14-98. The elevation y A ahead of the 
spillway is 8 m. The width of the rectangular channel is 10 m. If the stilling basin dissipates half of the 
mechanical energy, what is the volume flow rate? Set up three simultaneous equations for y,, y 2 , and Q. 
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14.390 


14.391 


14.392 


f 


E=y+v 2 /2g E A =E X 
8 + Q 2 /[(80) 2 (2g)] = yi + e 2 /[(10*) 2 (2g)] 

0.50E, = E, 

0.50(8 + Q 2 /[(80) 2 (2g)]} = [y\-y\ + y x yz(y x -y 2 )]/4yiy 2 
y^ = [-y, + Vy( + (8e7gf> 2 )(l/y0]/2 = [-y, + Vy? + [8G 2 /(9.807)(l0) 2 ](l/>> l )]/2 


(1) 

( 2 ) 
( 2 ) 



Water having a steady known volumetric flow rate Q is moving in a rectangular channel at supercritical speed 
up an adverse slope. It undergoes a hydraulic jump as shown in Fig. 14-99. If we know y B and y A at positions L, 
and L 2 apart, how do we approximately locate the position of the hydraulic jump, i.e., how do we get L x and 
L 2 ? The channel has a known value of n. Explain the simplest method. The width is b. 

f Use the equation A L = ([1 — (Q 2 b/gA 3 )]/(So — (n/x:) 2 [G 2 /(/?^ 3 A 2 )]}) Ay and guess at a value L, and solve 
for (Ay),,. Now compute y, = y„ + (A y) A before the jump. Again go to the equation above and take L 2 and 
again solve for (Ay) B i n the flow upstream o f the jump: y 2 = y B - (Ay) B . Now insert y x and y 2 into the jump 
equation y 2 = [—yi + Vy 2 + (8Q 2 /gb 2 )(l/yi)]/2 to see whether this equation is satisfied for the given volumetric 
flow Q. If not, go back and choose a different value of L x proceeding in this way until the jump equation is 
satisfied. 



A f ] 

ti 

-1 

L _ - 

T 


’/////////A 

W777777777777777> 
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T r 

mm 


* +1 1 




Fig. 14-99 

The distance L x in Fig. 14-99 is 200 m and y A is half the critical value. The channel is finished concrete with an 
adverse slope of —0.005. What is y B at a distance L 2 = 100 m from the hydraulic jump? Solve in the simplest 
manner to get an approximate result. The flow rate is 200 m 3 /s and the width of the channel is 7 hi. 

I y c — (q 2 /g) 1/3 = [(^ s ) 2 /9.807] 1/3 = 4.366 m y A = 4.366/2 = 2.183 m 

A L = ([1 - (Q 2 blgA y ))l (iSn - (n/*) 2 [Q 2 /(/?£ 3 A 2 )]}) Ay 
A\ = (7)(2.183) = 15.28 m 2 R H = A/p w (R„) x = 15.28/(2.183 + 7 + 2.183) = 1.344m 
1 - (200) 2 (7)/[(9.807)(15.28) 3 ] 


200 


-far 


005 - (0.012/1) 2 [200 2 /(1.344) 4/3 (15.28) 2 ] 

y x = 2.183 + 0.618 = 2.801m 


}(Ay)^ 


(Ay ) A = 0.618 m 


y 2 = [~y x + Vy? + (8G i /gh i )(l/yi)]/2 = (-2.801 + V2.801 2 + [(8)(200) 2 /(9.807)(7) 2 ](l/2.801)}/2 = 6.435 m 
A 2 = (7)(6.435) = 45.04 m 2 (R„) 2 = 45.04/(6.435 + 7 + 6.435) = 2.267 m 

j](Ay) fl (Ay) B = -0.866 m 

(Ay ) B = y B - y 2 -0.866 = y B - 6.435 y B = 5.569 m 


100 


f 1 - (200) 2 (7)/[(9.807)(45.04) 3 ] 
1-0.005 - (0.012/1) 2 [200 2 /(2.267) 4/3 (45.04) 2 ] J 


For a rectangular channel, develop an expression for the relation between the depths before and after a 
hydraulic jump. Refer to Fig. 14-100. 

f For the free body between sections 1 and 2, considering a unit width of channel and unit flow q, 

P x = yhA — y(jy0yi = \yy\ and, similarly, P 2 = jyy 2 . From the principle of impulse and momentum, 

A P x dt = A linear momentum = (W/g)(AV x ), |y(y 2 - y() dt = (y q dt/g)(V x - V 2 ). 




1 
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Since V 2 y 2 = V,y x and V, = q/y u the above equation becomes 

q 2 /g = b / iy2(yi+y 2 ) V) 

Since q 2 /g=yl, yt^fyiMyi+yi) ( 2 ) 



14.393 A rectangular channel, 20 ft wide, carries 400 cfs and discharges onto a 20-ft-wide apron with no slope with a 
mean velocity of 20 fps. What is the height of the hydraulic jump? What energy is lost in the jump? 

I q 2 lg=yiy2(y i +y2)/2 *-f/t»,-(«)/20-1.00 ft (^) 2 /32.2 = (1.00y 2 )(1.00+y 2 )/2 
0.500y 2 + 0.500y 2 —12.42 = 0 * = 4.51 ft Height of jump = 4.51 —1.00 = 3.51 ft 

Ej = (y 2 - y,) 3 /4y,y 2 = (4.51 - 1.00)7f(4)(4.51)(1.00)] = 2.40 ft 
Energy lost = Qy£, = (400)(62.4)(2.40) = 59 900 ft-lb/s 

14.394 A rectangular channel, 16 ft wide, carries a flow of 192 cfs. The depth of water on the downstream side of a 
hydraulic jump is 4.20 ft. What is the upstream depth? What is the loss of head? 

f </7g =**(* +*)/2 (TO 32.2 = (*)(4.20)(* + 4.20)/2 

2. 10y 2 , + 8.82y 1 - 4.472 = 0 * = 0.457 ft 

Ej = (y 2 - y ] ) 3 /4*y 2 = (4.20 - 0.457) 3 /[(4)(0.457)(4.20)] = 6.83 ft 

14.395 After flowing over the concrete spillway of a dam, 9000 cfs then passes over a level concrete apron (n = 0.013). 
The velocity of the water at the bottom of the spillway is 42.0 ft/s and the width of the apron is 180 ft. 
Conditions will produce a hydraulic jump, the depth in the channel below the apron being 10.0 ft. In order that 
the jump be contained on the apron, (a) how long should the apron be built? (ft) How much energy is lost from 
the foot of the spillway to the downstream side of the jump? 

f Refer to Fig. 14-101. 

(a) q 2 !g =*y 2 (* +*)/2 ®732.2 = 10*(10+*)/2 

5y 2 + 50y 2 — 77.64 = 0 *= 1.37 ft 

* = q/V x = (w)/42.0 = 1.19 ft L = [(li/2 g +y 2 ) - {V 2 J2g +*)l/(& - S) 

V 2 = q/y 2 = (^§r)/l-37 = 36.50 ft/s S = (nV/1.486/f 2/3 ) 2 

K v = (42.0 + 36.40)/2 = 39.20 ft/s 
R= Atp w R x = (180)(1.19)/(1.19 + 180+1.19) = 1.174 ft 

r 2 = (180)(1.37)/(1.37 + 180 +1.37) = 1.349 ft 
R av = (1.174 + 1.349)/2 = 1.262 ft S = {(0.013)(39.20)/[(1.486)(1.262) 2/3 ]} 2 = 0.08623 
L = (36.50 2 /[(2)(32.2)] + 1.37 - 42.07[(2)(32.2)] - 1.19}/(0 - 0.08623) = 75.7 ft 

The length of the jump L 3 from B to C is from 4.3y 3 to 5.2y 3 . Assuming the conservative value of 5.0y 3 , 

L 3 = (5.0)(10.0) = 50 ft. Hence, L ABC = 76 + 50 = 126 ft (approximately). 

(b) E=y + V 2 /2g E a = 1.19 + 42.0 z /[(2)(32.2)] = 28.58 ft 

V 3 = Q/Aj = 9000/[(10.0)(180)] = 5.00 ft/s 
E c = 10.0 + 5.007[(2)(32.2)] = 10.39 ft £ los , = 28.58 -10.39 = 18.19 ft 
P=QyE Pto,, = (9000)(62.4)(18.19) = 10.22 X 10 6 ft-lb/s 
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Fig. 14-101 


14.396 Determine the elevation of the spillway apron if q = 50 cfs/ft, h = 9 ft, D = 63 ft, and the spillway crest is at 
elevation 200.0 ft. 

f (n)i(n 3 - Jt 2 )(n 3 + 1) ,/2 + 0.353 = VI + (2.828)(jt 1 )(jt 3 +l) 3 ' 2 

it , = g ln h 3n lq = (32.2) 1/2 (9) 3/2 /50 = 3.06 
Jt 2 = D//t = t = 7.00 n i = dlh=d/9 
(3.06)(4/9 - 7.00)(d/9 +1) ,/2 + 0.353 = VI + (2.828)(3.06)(d/9 + if 2 
d = 77.9 ft (by trial and error) Elevation of spillway apron = 200.0 — 77.9 = 122.1 ft 

14.397 Establish the equation for flow over a broad-crested weir assuming no lost head. See Fig. 14-102. 

f At the section where critical flow occu rs, q = V c y c . But y c = V 2 Jg = § E, and V c = Vg(|£ c )- Hence the 
theoretical value of flow q becomes q = Vg(lEc) x f £ c = 3.09E 3 ' 2 . However, the value of E r is diflicult to 
measure accurately, because the critical depth is difficult to locate. The practical equation becomes 
q = CH 312 » 3 H 3n . The weir should be calibrated in place to obtain accurate results. 



14.398 Develop an expression for a critical-flow meter (Fig. 14-103). 

f An excellent method of measuring flow in open channels is by means of a constriction. The measurement of 
the critical depth is not required. The depth y x is measured a short distance upstream from the constriction. The 
raised floor should be about 3y c long and of such height as to have the critical velocity occur on it. 

For a rectangular channel of constant width, the Bernoulli equation is applied between sections 1 and 2, in 
which the lost head in accelerated flow is taken as one-tenth of the difference in velocity heads, i.e., 
y, + (V 2 J2g) - (-re)[(V?/2g) - (Vf/2g)] = [y c + {V 2 J2g) + z], which neglects the slight drop in the channel bed 
between 1 and 2. Recognizing that E c —y c - 1- V 2 j2g, we rearrange as follows: [y, + (1.10Vi/2g)] = z + 1.0 E c + 
(mEc), [y t ~2 + (1.10V?/2g)] = 1.033£ c = (1.033)(!V<p7g), or 

q = (2.94)(yj - z + \.10Vl/2g) 3/2 ( 1 ) 

Since q = V 1 y l , q = (2.94)(y a - z + 0.0171g 2 /y?) 3/2 (2) 

14.399 Consider a rectangular channel 10 ft wide with the critical-flow meter of Fig. 14-103 having dimension 
z = 1.10 ft. If the measured depth y, is 2.42 ft, what is the discharge? 

I q = (2.94)(y, - z + 0.0171^ 2 /y 3 ) 3/2 = (2.94)(2.42 -1.10 + 0.0171^ 2 /2.42 2 ) 3a . As a first approximation, neglect 
the last term involving q. q = (2.94)(2.42 — 1.10) 3/2 = 4.46 cfs/ft. Try q = 4.80 cfs/ft: q = 2.94[2.42 - 1.10 + 

(0.0171)(4.80)72.42 2 ] 3 ' 2 = 4.80 cfs/ft (O.K.), Q = (4.80)(10) = 48.0ft 3 /s. 
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Fig. 14-183 

14,400 rftrf r ®^ tan 8 u |a r channel, the depth upstream from a hydraulic jump is 4 ft What flow rate is 

ssr* m forthedownstreamdepthto *-«—*■*«»-u p i«~ri« 

# 

(«) 


(A) 


9 = {[(</, + 4 I )/2](grf 1 rf 2 )}“ 

= (2)(4) - 8 ft * - {[(4 + 8)/2][(32.2)(4)(8)]} I/2 - 78.63 cfe/ft 
G * (100)(78.63) - 7863 fP/s 

dz — (10)(4) = 40 ft ? = {[(4+ 40)/2]f(32.2)(4)(40)]} w = 336.7 cfe/ft 
G = (100)(336.7) « 33 670fP/s 





Ka 




CHAPTER 15 

Flood Routing 


15.1 If the channel width for the stream described by Fig. 15-1 is b = 28 ft at stage y = 3.5 ft, determine the local 
velocity of a small-amplitude wave. 

I u = (1 /b){dQ/dy). From Fig. 15-1, dQ/dy = 300 cfs/ft when y = 3.5 ft. u = (l/28)(300) = 10.7 ft/s. 


Discharge, Q 



15.2 Assume the stage-discharge relation Q = (k)(y - a) b , where, in SI units, a = 0.059, b = 2.55, and k = 10.30. 
Compute the velocity of a monoclinal wave of small height at stage 1.5 m, where the channel is 19 m wide. 

I u — (l/w)(dQ/dy) Q = (10.30)(y - 0.059) 2 ss dQ/dy = (2.55)(10.30)(y - 0.059)' 55 

Fory = 1.5 m, dQ/dy = (2.55)(10.30)(1.5 - 0.059)’ 55 = 46.27 (m 3 /s)/m, u = (1/19)(46.27) = 2.44 m/s. 

15J Repeat Prob. 15.1 if b = 8 m aty =0.8m. 

f u = (l/w)(dQ/dy). From Fig. 15-1, dQ/dy = 20 (m 3 /s)/m when y = 0.8 m. u = (l/8)(20) = 2.50 m/s. 


15.4 Given the hydrographs tabulated below [/ = inflow, O = outflow; M = midnight, N = noon], find the 12-hourly 
storage values for the reach. Ignore local inflow. 


day 

hour 

I, m 3 /s 

O, m 3 /s 

day 

hour 

I, m 3 /s 

O, m 3 /s 

1 

M 

36 

58 

7 

N 

196 

341 

2 

N 

43 

46 


M 

153 

272 


M 

121 

42 

8 

N 

128 

219 

3 

N 

348 

64 


M 

101 

180 


M 

575 

149 

9 

N 

86 

153 

4 

N 

719 

329 


M 

71 

124 


M 

741 

536 

10 

N 

60 

104 

5 

N 

615 

678 


M 

55 

88 


M 

440 

681 

11 

N 

46 

73 

6 

N 

328 

560 


M 

41 

62 


M 

255 

439 

12 

N 

37 

52 
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I {(A + A)/ 2]t - ((O, + 0 2 )/2]t = S 2 ~S t . Taking minimum storage equal to zero, and noting that / = 0.5 day = 
0.432 x 10 5 s, computations are carried out as in the following table. The last two columns are for use in 
Prob. 15.8. 






/ = 

O = 




.r/ + <l-:r)0 

day 

hoar 

/, in 3 /* 

O, mV* 

(/,+/ 2 )/2 

<0, + OJ/2 

AS/i = 1-0 

s/t=E(i-d) 

S, 10 s , m 3 

x = 0.2 

x=0J 

1 

M 

36 

58 

39 

52 

-13 

13 

6 

54 

51 

2 

N 

43 

46 

82 

44 

38 

0 

0 

45 

45 


M 

121 

42 

234 

53 

181 

38 

• 

16 

58 

66 

3 

N 

348 

64 

462 

106 

356 

219 

95 

121 

149 


M 

575 

149 

647 

239 

408 

575 

248 

234 

277 

4 

N 

719 

329 

730 

432 

298 

983 

425 

407 

446 


M 

741 

536 

678 

607 

71 

1281 

553 

577 

598 

5 

N 

615 

678 

528 

679 

-151 

1352 

584 

665 

659 


M 

440 

681 

384 

620 

-236 

1201 

519 

633 

609 

6 

N 

328 

560 

292 

499 

-207 

965 

417 

514 

490 


M 

255 

439 

226 

390 

-164 

758 

327 

402 

384 

7 

N 

196 

341 

174 

306 

-132 

594 

257 

312 

298 


M 

153 

272 

140 

245 

-105 

462 

200 

248 

236 

8 

N 

128 

219 

114 

199 

-85 

357 

154 

201 

192 


M 

101 

180 

94 

' 

166 

-72 

272 

118 

164 

156 


N 

86 

153 

78 

138 

-60 

200 

86 

140 

133 


M 

71 

124 

66 

114 

-48 

140 

60 

113 

108 

H 

N 

60 

104 

58 

96 

-38 

92 

40 

95 

91 

1 

M 

55 

88 

50 

80 

—30 

54 

23 

81 

78 

■ 

N 

46 

73 

44 

68 

-24 

24 

10 

68 

65 

M 

M 

41 

62 




0 

0 

58 

56 


15.5 Given the following inflow data to a reservoir and the reservoir relationships of Fig. 15-2, route the flood 
through the reservoir. The initial outflow from the reservoir is 1.7 m 3 /s, and the initial value of 2 S/t + O is 
9.0 m 3 /s. 


day 

hour 

I, m 3 /s 

fl 

Noon 

2.0 

mm 

Midnight 

5.2 


Noon 

10.1 

|| 

Midnight 

12.2 


Noon 

8.5 

H 

Midnight 

4.7 

D 

Noon 

2.3 
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Storage, lO® 



Discharge and (y + 0), m J /s Fig. 15-2 

I h + I 2 + (25,// - O,) = 25*// + 0 2 25,// - O, = 25*// + 0 2 - 20, 

25,// - O, = 9.0 - (2)(1.7) = 5.6 m 3 /s 2.0 + 5.2 + 5.6 = 25*// + 0 2 25*// + 0 2 - 12.8 m 3 /s 

From Fig. 15-2, 0 2 = 2.3 m 3 /s. Succeeding computations are carried out in the same manner with the results as 
tabulated below. 


day 

hour 

/, m 3 /s 

(25//)- O, 
m 3 /s 

(25/0 + 0, 
m 3 /s 

O, m 3 /s 

1 

Noon 


5.6 

9.0 

1.7 


Midnight 


8.2 

12.8 

2.3 

IKK 

Noon 


14.9 

23.5 

4.3 


Midnight 


16.2 

37.2 

10.5 

Ki 

Noon 

8.5 

16.3 

36.9 

10.3 

n 

Midnight 


16.3 

29.5 

6.6 

D 

Noon 



23.3 

4.2 


A reservoir has an area of 295 acres at spillway level, and its banks are vertical for several feet above spillway 
level. The spillway is 16 ft long and has a coefficient of 3.75. If the inflow data of Prob. 15.4, with the units 
changed to cfs, apply to this reservoir, compute the maximum pool level and maximum discharge to be expected 
if the reservoir is initially at the spillway level at midnight on the first. 

# The discharge over the spillway is (C = 3.75 and L = 16 ft): Q = CLy 3/2 = (3.75)(16)y 3/2 = 60y 3/2 cfs. The 
storage is equal to the reservoir area multiplied by the height of water above the spillway crest: 5 = 295y 
acre-ft = 149y cfs-day. From these equations and / = 0.5 day, we obtain: 


y > ft 

Q,ds 

5, cfs-day 

(2S/0 + O,cfc 

l 

60 

149 

656 

2 

170 

298 

1362 

3 

312 

447 

2100 

4 

480 

596 

2864 

5 

671 

745 

3651 
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15.7 



These data provide the basis for deriving the routing curves of Fig. 15-3. The inflow hydrograph of Prob 15 4 is 
routed as follows: /, + / 2 + [(25,/r) — O,] = (25^//) + 0 2 . P ‘ S 



The peak flow is approximately 590 cfs and the maximum pool elevation is y = (590/60)° 6667 = 4.59 ft 

Tabulated below are the elevation-storage and elevation-discharge data for a small reservoir. The inflow 
y rograph of Prob. 15.4, in units of cfs, applies to this reservoir. Assuming the pool elevation to be 875 ft at 
midnight on the first, find the maximum pool elevation and peak outflow rate. 


elevation, ft 

storage, 

acre-ft 

discharge, 

cfs 

elevation, ft 

storage, 

acre-ft 

discharge, 

cfs 

862 

0 

0 

882 

1220 

101 

865 

41 

0 

884 

1633 

232 

870 

202 

0 

886 

2270 

395 

875 

502 

0 

888 

3152 


880 

1003 

0 





OuHlow ii) ioo cfs 
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f From the data provided, and noting that t — 0.5 day and 1 acre-foot 0.504 cfs-day. 


elevation, ft 

Q, cfs 

S,cfis-day 

(2S/t) + 0 

862 

0 

0 

0 

865 

0 

21 

84 

870 

0 

102 

408 

875 

0 

253 

1012 

880 

0 

506 

2024 

882 

101 

615 

2561 

884 

232 

823 

3524 

886 

395 

1144 

4971 

888 

600 

1589 

6956 


These data provide the basis for deriving the routing curves of Fig. 15-4. The inflow hydrograph of Prob. 15.4 is 
routed as follows: I t + I 2 + [(2S,/f) — Oi] = (2 S^/t) + 0 2 . 


Oi/ttUw iff !0O cPs 5 /* !0CO sfj 

I 41 it JT tm. 



G70 


SCt> 


Fig. 15-4 


day 

hour 

I, da 

(2 Stlt)-0, 
cfs 

(2S,/r) + 0, 

cfs 

0,cfs 

1 

M 

36 

1010 

1010 

0 

2 

N 

43 

1089 

1089 

0 


M 

121 

1253 

1253 

0 

3 

N 

348 

1722 

1722 

0 


M 

575 

2419 

2645 

113 

4 

N 

719 

3207 

3713 

253 


M 

741 

3941 

4667 

363 

5 

N 

615 

4439 

5297 

429 


M 

440 

4594 

5494 

450 

6 

N 

328 

4488 

5362 

437 


M 

255 


5071 

405 


The peak flow is approximately 450 cfs and the maximum pool elevation is 886.6 ft. 
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15.8 The Muskingum method of flood routing involves a time parameter K and a weighting factor x. Find these 
quantities for the flood of Prob. 15.4 (flows in m 3 /s). 

f Columns 4,10, and 11 of the solution tableau of Prob. 15.4 give the weighted flows corresponding to x = 0, 
0.2, and 0.3; these flows are graphed in Fig. 15-5. It will be seen that increasing the value of x from 0.2 to 0.3 
reverses the “loop” in the lower range of flow. Even so, a slight additional increase in x might provide a slightly 
better fit, without materially affecting K. Take K = 26.7 h, x = 0.3, and t = 12 h. 


15.9 


15.10 


For a flood with K = 25.9 h and x = 0.25, determine the Muskingum routing coefficients for / = 12 h and 
t = 24 h. 

f c 0 = (Kx — 0.5t)/(K — Kx +0.5r) c, = (Kx + 0.50/(* - Kx +0.5t) 

c 2 = (K-Kx- 0.5t)/(K -Kx + 0.50 
For t = 12 h, with K = 25.9 h and x = 0.25, 

(25.9X0.25) ~(0.5)(12) (25.9)(0.2S) + (0.5)(12) 

C ° 25.9 — (25.9)(0.25) + (0.5)(12) 1 25.9 - (25.9)(0.25) + (0.5)(12) ' 

25.9 — (25.9)(0.25) — (0.5)(12) 

2 25.9 - (25.9)(0.25) + (0.5)(12) ' 

For t = 24 h, with K = 25.9 h and x = 0.25, 

(25.9X0.25) ~(0.5)(24) (25.9)(0-25) + (0.5)(24) 

0 25.9-(25.9)(0.25)+ (0.5)(24) 1 25.9 - (25.9)(0.25) + (0.5)(24) ' 

25.9 - (25.9X0.25) - (0.5)(24) 

2 25.9 - (25.9)(0.25) + (0.5)(24) ' 

The 24-h routing period is to be preferred, since negative coefficients lead to instability when flow changes 
rapidly. 


For a river reach with K- 26 h and x = 0.22, determine the Muskingum routing coefficients for t- 12 h. 
f c o =(Kx-0.5t)/(K~Kx+0.5t) c, = (Kx + 0.5t)/(K - Kx + 0.50 

c 2 = (K-Kx- 0.5t)/(K-Kx+ 0.50 


(26)(0.22)~ (0.5)(12) (26)(0.22) + (0-5)(12) 

26 — (26)(0.22) + (0.5)(12) * 1 26 - (26)(0.22) + (0.5)(12) ' 

26 -(26X0.22) -(0.5)(12) 

Cz 26- (26)(0.22) + (0.5)(12) ' 


15.11 The outflow hydrograph of Prob. 15.4 becomes the inflow hydrograph for a reach. Using the routing coefficients 
determined in Prob. 15.10, find the peak reach outflow by the Muskingum method. 

f 0 2 - c 0 I 2 + c x /, + c 2 O x . The routing computations are as follows: 


day 

hour 

/, m 3 /s 

o.ou/ 2 , 

m 3 /s 

0.446/,, 

m 3 /s 

0.5430,, 

n 3 /s 

0,m 3 /s 

1 

M 

58 




60 (est.) 

2 

N 

46 

1 

26 

33 

60 


M 

42 

0 

21 

33 

54 

3 

N 

64 

1 

19 

29 

49 


M 

149 

2 

29 

27 

58 

4 

N 

329 

4 

66 

31 

101 


M 

536 

6 

147 

55 

208 

5 

N 

678 

7 

239 

113 

359 


M 

681 

7 

302 

195 

504 

6 

N 

560 

6 

304 

274 

584 


M 

439 

5 

250 

317 

572 

7 

N 

341 

4 

196 

311 

511 


M 

272 

3 

152 

277 

432 


The routed peak flow is 584 m 3 /s. 
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Fig. 15-5 
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15.12 For the inflow hydrograph given below for a reach, route the flood through the reach by the Muskingum 
method. Take K = 11 h, t = 6 h, and x = 0.13; hence, c 0 = 0.124, c, = 0.353, and c 2 = 0.523. 


day 

hour 

I, cfs 

1 

6 a.m. 

■■ 


Noon 

KK 


6 p.m. 

68 


Midnight 

50 

2 

6 a.m. 

40 


Noon 

31 


6 p.m. 

23 


Assume an initial outflow of 10 cfs. 

f 0 2 = CqI 2 + C\I\ + c 2 0\ 


day 

hour 

I 

Coll 

C,/i 

C2O1 

O 

1 

6 a.m. 

10 

— 

— 

— 

10 


Noon 

30 

3.7 

3.5 

5.2 

12.4 


6 p.m. 

68 

8.4 

10.6 

6.5 

25.5 


Midnight 

50 

6.2 

24.0 

13.3 

43.5 

2 

6 a.m. 

40 

5.0 

17.7 

22.7 

45.4 


Noon 

31 

3.8 

14.1 

23.7 

41.6 


6 p.m. 

23 

2.9 

10.9 

21.8 

35.6 


All tabular values are in cubic feet per second. 

15.13 Refer to Fig. 15-6. At time f,, an infinitesimal gravity wave is initiated at the dam (station *,). Obtain an 

analytical expression for the time t at which the wavefront passes through station x. Assume still water and a 
constant bed slope. 


f u = dx / dt = Vgy . But the depth equation is 


■ = s 0 


so that dx/dt = (1 /s 0 )(dy/dt) and 


y-yx _ y 2 -yi 

x—x x x 2 —x, 

so dt 


L ^ SnVg l 


(J) 


dy 


( 2 ) 


t~t ,= 


(Vy-Vyl) 


Finally, substitute for y in (2) from (1), obtaining 

2 



(3) 


Fig. 15-6 
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15.14 Represent the wave of Prob. 15.13 in the xt plane, for the following assignment of parameters: t, = 0 s, jc, = 0 ft, 
y, = 55 ft, x 2 = 16 000 ft, y 2 = 22 ft. 

f Using s 0 = (22 — 55)/(6000 — 0) = —0.0055 and g = 32.2 ft/s 2 in (3) of Prob. 15.13, we generate Table 15-1 
and the rising curve of Fig. 15-7. 


TABLE 15-1 


X, ft 

M 


x, ft 

t,s 

0 

0 


8 000 

207 

1000 

24 


9000 

236 

2000 

48 


10000 

265 

3000 

73 


11000 

296 

4000 

99 


12 000 

327 

5 000 

125 


13 000 

360 

6000 

152 


14 000 

394 

7000 

179 


15 000 

429 




16 000 

466 


15.15 Refer to Probs. 15.13 and 15.14. Suppose that a similar wave is initiated at x 2 (= 16 000 ft) at time r, (= 0 s) and 
propagates toward the dam. Superimpose this second wave on Fig. 15-7. Where and when will the two waves 
meet? 

f Making the appropriate replacements in (3) of Prob. 15.13, we obtain for the second wavefront 


t 



[Vy 2 + s*(x 2 — x) — VyJ 


where s* = —s 0 


This equation generates Table 15-2 and the falling curve of Fig. 15-7. The two curves intersect at approximately 
x = 8900 ft, f = 234 s. 


TABLE 15-2 


x, ft 

t,s 


x, ft 

r,s 

0 

466 


8 000 

259 

1000 

442 


9 000 

230 

2000 

417 


10 000 

200 

3000 

392 


11000 

170 

4 000 

367 


12 000 

138 

5 000 

341 


13 000 

106 

6000 

314 


14 000 

72 

7000 

287 


15 000 

37 




16 000 

0 


15.16 


A uniform rectangular channel 4 m wide with n = 0.014 and slope of 0.0003 is flowing at a depth of 1.7 m. A 
sudden gate opening increases the depth to 2.0 m. Calculate the propagation speed c and the ground velocity v 
of the resulting abrupt wave. 


I 


c = V(g)(/ 2 ~7,)/[(A t )(l - AJA 2 )\ J = Ad/2 A, = (4)(1.7) - 6.80 m 2 
J 2 = (6.80)(1.7/2) = 5.780 m 3 

A 2 = (4)(2.0) = 8.00 m 2 /, = (8.00)(2.0/2) = 8.000 m 3 
c = V(9.807)(8.000 - 5.780)/[(6.80)(l - 6.80/8.00)] = 4.62 m/s 
u = u, + c v =(1.0//i)(R 2/3 )(s I/2 ) u, = (1.0/0.014)[6.80/(1.7 +4 + 1.7)] 2/3 (0.0003) 1/2 = 1.17 m/s 

u = 1.17 + 4.62 = 5.79 m/s 
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/ CHAPTER 16 

Flow of Compressible Fluids 


16.1 For air at a temperature of 30 °C and pressure of 470 kPa abs, find the specific weight of the air. 

I Y = p/RT = 470/[(29.3)(30 + 273)] = 0.0529 kN/m 3 

16.2 Find the mass density of helium at a temperature of 39 °F and a pressure of 26.9 psig when the atmospheric 
pressure is 14.9 psig. 

I p = p/RT = (26.9 + 14.9)(144)/[(12 420)(39 + 460)] = 0.000971 slug/ft 3 

16.3 Methane at 22 °C flows through a pipeline at a velocity of 416.4 m/s. Is the flow subsonic, sonic, supersonic, or 
hypersonic? 

f N m = vNkgRT= 416.4/V(1.32)(9.807)(52.9)(22 + 273) = 0.93. Since N M < 1.0, the flow is subsonic. 

16.4 Chlorine gas at 51 °F flows through a pipeline. Find the velocity at which the flow will be sonic, 

f N m = v/VkgRT 1.0 = WV(1.34)(32.2)(21.8)(51 + 460) v = 693 ft/s 

16.5 Compute the change in internal energy and the change in enthalpy of 15 kg of air if its temperature is raised 
from 20 to 30 °C. The initial pressure is 95 kPa abs. 

f A i = c v (T 2 - T,) = (0.716)(30 — 20) = 7.16 kJ/kg Change in internal energy = (Ai)(15) = 107.4 kJ 

Ah = c p (T 2 - T,) = 1.003(10) = 10.03 kJ/kg Change in enthalpy = (A/i)(15) = 150.0 kJ 

16.6 Suppose that 15 kg of air (T, = 20 °C) of Prob. 16.5 were compressed isentropically to 40 percent of its original 
volume. Find the final temperature and pressure, the work required, and the changes in internal energy and 
enthalpy. 

f The following relations apply: pv = RT and pv k = constant, where k = 1.40 for air. pv k = pv(v k /v) = 
(RT/v)v k = RTv k ~ l = constant. Since R = constant, Tv k ~ l = constant, and T 2 = T,( v 1 /v 2 ) k ~' = (273 + 
20)(1.0/0.4)' 40-1 =422 K = 149 °C, pv/T = R = constant, p, = 95 kPa abs (from Prob. 16.5),p,i>,/7i = 

P 2 V 2 /T 2 and v 2 = 0.4u,, 95t>,/293 = [p 2 (0.4u 1 )/422], p 2 = 342 kPa abs. Since this is an isentropic process, the 
work required is equal to the change in internal energy. This can be confirmed by computing the values of 
the pressure and corresponding volumes occupied by the gas during the isentropic process, plotting a 
pressure-vs.-volume curve, and finding the area under the curve and thereby determining the work done on the 
fluid. Thus the work required is 

r s 2 / p\ r °' 2 

[ F * = ( (A) Ad *=L t pd(voi) 

or A/ = c„(T 2 - 7,) = 0.716(422 - 293) = 92.4 kJ/kg, (A/)(15 kg) = 1385 kJ = work required = change in internal 
energy. Ah = c p (T 2 - T,) = 1.003(129) = 129.4 kJ/kg, (Afc)(15 kg) = 1941 kJ = change in enthalpy. 

16.7 Using the data of Prob. 16.6 compute A (p/p) and thus show that Ah = At + A (p/p). 

f From Prob. 16.6, Ah = 129.4 kJ/kg, A i = 92.4 kJ/kg, R = 0.287 kJ/kg • K;p,/p, = RT, = (0.287)(293) = 

84.1 kJ/kg; p 2 /p 2 = RT 2 = (0.287)(422) = 121.1 kJ/kg; A (p/p) = p 2 /p 2 - p,/p, = 37.0 kJ/kg. A i + A (p/p) = 

92 + 37 = 129.4 which checks accurately with the value of Ah. 

16.8 Using the data of Prob. 16.6, determine the work done in compressing the air by finding the area under a 
pressure-vs.-volume curve. Compute and tabulate volumes and pressures using volume increments which are 10 
percent of the original volume. 

f R = 0.287 kJ/kg • K, k = 1.4. Initially, given: 7] = 273 + 20 = 293 K; p, = 95 kPa; u, = RTJp, = 
(0.287)(293)/95 = 0.885 m 3 /kg. After compression, from Prob. 16.6 T = T t (vJv) l ~~ k = (293 )(vjv) 0i ; v = 
vj(v i/v); V = mv = 15u;p = RT/v. 
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vjv 

T, K 

v,m 3 /kg 

V, in 3 

p, kPa 

100 

100 

293 

0.885 

13.28 

95.0 

100 

90 

306 

0.797 

11.95 

110.1 

100 

80 

320 

0.708 

10.62 

129.9 

100 

70 

338 

0.619 

9.29 

156.6 

100 

60 

359 

0.531 

7.97 

194.1 

100 

50 

387 

0.443 

6.64 

251.0 

100 

40 

423 

0.354 

5.31 

343.0 


These data are plotted in Fig. 16-1. Measure or calculate area A: Work done in compression = A = 1.395 MJ (by 
calculation). 



Fig. 16-1 


16.9 Compute the change in enthalpy of 500 lb of oxygen if its temperature is increased from 125 °F to 160 °F. 

I c p — 5437 ft-lb/(slug-°R) Ah = c p (T 2 - 7,) = (5437)(160 - 125) = 190 000 ft-lb/slug 

Five hundred pounds is equivalent to 15.53 slugs (m — W/g). Thus change in enthalpy = (190 000)(15.53) = 
2.95 x 10 6 ft-lb. 


16.10 Suppose the 500 lb of oxygen of Prob. 16.9 was compressed isentropically to 75 percent of its original volume. 
Find the final temperature and pressure, the work required, and the change in enthalpy. Assume 7) = 120 °F 
and p, = 200 psia. 

f pv k = constant and pv = RT. Eliminating p : ( RT/v)V k = constant = RTv k l . Since R = constant also, 
Tv k ~ l = constant; k = 1.4. From which: T 2 = T 1 (v l /v 2 ) k -' = (120 + 460)(l/0.75)° 4 = 650.7 °R = 190.7 °F. 
PtvJTt — p 2 v 2 /T 2 \ so 200ti|/580 = p 2 (0.75u,)/651; p 2 = 299 psia; c„ = 3883, c p = 5437 ft 2 /(s 2 -°R). Work 
required = change of internal energy (as isentropic). Work required = (At)(W) = c„(A7)(500/32.2) where 
AT = 190.7 - 120 = 70.7 °F. Work required = (3883)(70.7)(500/32.2) = 4.26 x 10 6 ft-lb; increase in enthalpy = 
(5437)(70.7)(500/32.2) = 5.97 x 10 6 ft-lb. 


16.11 Determine the sonic velocity in air at sea level and at 10 000, 20 000, and 30 000 ft. Assume standard 
atmosphere (Table A-7). 

f c = ( kRT) 1 ' 2 . In all cases k = 1.4 and R = 1715 ft-lb/(slug-°R). From Table A-7, temperatures = 59 °F, 
23.4 °F, —12.3 °F, and —47.8 °F. Substitute for T = (460 + temperature) and compute the resulting c’s. 


elevation ft 

temperature °F 

c,fps 

0 

59 

1116 

10000 

23.4 

1077 

20 000 

-12.3 

1037 

30000 

-47.8 

995 


16.12 


Repeat Prob. 16.11 for sea level, 6 km, and 10 km. 

f c = (kRT) 112 , k = 1.4, and R = 0.287 kJ/kg • K = 287 m 2 /s 2 • K; g = 9.81 m/s 2 . From Table A-8: 
temperatures = 15.0, -24.0, and —49.9 °C. Substitute for T = (273 + temp. °C) and compute the resulting c’s. 
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elevation, m 

temperature, °C 

c, m/s 

0 

15.0 

340 

6000 

-24.0 

316 

10000 

-49.9 

299 


16.13 Find the stagnation pressure and temperature in nitrogen flowing at 600 fps if the pressure and temperature in 
the undisturbed flow field are 100 psia and 200 °F, respectively. 

I c = VkRT = V(1.40)(1774)(460 + 200) = 1280 ft/s N M = vjc = ^ = 0.469 

Po = kpo/cl = (1.40)[(100)(144)]/1280 2 = 0.0123 slug/ft 3 
Ps =Po + (p 0 )(uo/2)[l + (N M ) 2 J4 +•••] = (100)(144) + (0.0123)(600 2 /2)(1 + 0.469 2 /4) 

= 16 736 lb/ft 2 or 116 lb/in 2 
(c P /g)(T l ) + W2g = (c p /g)(T s ) 

(6210/32.2)(460 + 200) + 600 2 /[(2)(32.3)] = (6210/32.2)(7^) T s = 689 °R or 229 °F 

16.14 Find the stagnation pressure and temperature in air flowing at 90 fps if the pressure and temperature in the 
undisturbed flow field are 14.7 psia and 60 °F, respectively. 

I c = VkRT = V(l-40)(1716)(460 + 60) = 1118 ft/s N M = v/c (N M ) Q = ^ = 0.0805 

(c P /g)(T 0 ) + Vl!2g = (c p /g)(T) 

(6000/32.2)(460 + 60) + 90 2 /[(2)(32.2)] = (6000/32.2)(T s ) 7; = 521°R or 61 °F 

p, =p 0 + (p„)(uo/2)[l + (N m ) 2 0 /4 + • • •] po = pJRT 0 = (14.7)(144)/[(1716)(460 + 60)] = 0.00237 slug/ft 3 
p s = 14.7 + [(0.00237)(90 2 /2)/144](l + 0.0805 2 /4) = 14.77 psia 

16.15 Air flows past an object at 500 fps. Determine the stagnation pressures and temperatures in the standard 
atmosphere at elevations of sea level, 5000 ft, and 30 000 ft. 

f From Table A-7: at sea level, 59 °F, p = 0.00238 slug/ft 3 ; at 5000 ft, 41.2 °F, p = 0.00205 slug/ft 3 ; at 30 000, 
-47.8 °F, p = 0.00089 slug/ft 3 . 

c = VkRT [ft = 1716 lb-ft/(slug-°R)] N M = v»/c (where v„ = 500 fps) 

T s = T 0 + (Vl/2c p ) [where c p = 6000 lb-ft/(slug-°R)] 

Ps=Po+ [(Po)(ug/2)/144][l + (N m ) 2 0 I 4 + • • •) 


elevation, ft 

Po, psi 

c, fps 


T„° F 

P„ psi 

0 

14.70 

1116 

0.448 

79.8 

16.87 

5 000 

12.24 

1097 

0.456 

62.0 

14.11 

30000 

4.37 

995 

0.503 

-27.0 

5.21 


16.16 


Repeat Prob. 16.15 for an air speed of 180 m/s and elevation 2 km. 
f From Table A-8: at 2000 m, 2°C, p = 79.50 kPa, p = 1.007 kg/m 3 . 

c = VkRT = V(1.40)(287)(2 + 273) = 332 m/s N M = vjc = H = 0.542 
T s = T a + (uS/2 c„) = 2+ 180 2 /[(2)(1003)] = 18 °C 

Ps=Po + (p 0 )(Uo/2)[l + (N M )l/4 +•••]= 79.50+ (1.007)(180 2 /2)(1 + 0.542 2 /4)/(1000) = 97.0 kPa abs 


16.17 Air at 250 psia is moving at 550 fps in a high-pressure wind tunnel at a temperature of 100 °F. Find the 

stagnation pressure and temperature. Note the magnitude of the sonic velocity for the 250-psia 100 °F air. 
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I c = VkRT = V(1.40)(1716)(460 + 100) = 1160 ft/s N M = v/c = ^ = 0.474 

Since [u 0 = 550 ft/s] < [c = 1160 ft/s], 

Ps /P 0 = [1 + (vjc 0 f(k - 1 )/2r*-'> pj250 = [1 + (^) 2 (1.40 - l)/2] , 4n/<, 4 0^) 

p, = 292 psia c p T 0 + v 2 J2g = c p T s (6000/32.2)(460 + 100) + 5507[(2)(32.2)] = (6000/32.2)( 7,) 

T s = 585 °R or 125 °F 


16.18 


Show that the equation p,=p 0 + (p 0 )(uo/2)[l + (N M )l/4 H-] results from the binomial expansion of the 

equation pjp 0 = [1 + ( vjc)\k - l)/2]* /( * -1) . 

I pjpo = {1 + (vjcf[(k - l)/2]} t/<t l) ; substitute k = p 0 c£/p 0 : 

p 0 L \ 2p 0 n 


Expanding by the binomial theorem: (a + b) n = a" + ( na" l )(b) + [n(n — l)/2!]a" 'b 2 + ■ • ■ and then simplifying 
leads to p s =p 0 + (p 0 t>J/2)[l + ( N 2 J4 ) + • • •] Q.E.D. 


16.19 Compute the value of R from the values of k and c„ for air. 

f R = [(it - 1 )lk](c p ) = [(1.40 - 1)/1.40](6000) = 1714 ft-lb/(slug-°R) 


16.20 Compute the enthalpy change in 5 kg of oxygen when the initial conditions are p, = 130 kPa abs and T, = 10°C, 
and the final conditions are p 2 = 500 kPa abs and T 2 = 95 °C [c p = 0.917 kJ/kg • K]. 

f h 2 = h x = (c p )(T 2 - T,) H 2 — H\ = (5)(c p )(T 2 — 7,) = (5)(0.917)(95 — 10) = 390 kJ 


16.21 A cylinder containing 2 kg nitrogen at 0.14 MPa abs and 5 °C is compressed isentropically to 0.30 MPa abs. Find 
the final temperature and the work required [c„ = 0.741 kJ/kg • K]. 

f T 2 = (T,)(p 2 lpif k ~' )lk = (273 + 5)(0.30/0.14) (140_ 11/1 40 = 346 K, or 73 °C. From the principle of conservation 
of energy, the work done on the gas must equal its increase in internal energy, since there is no heat transfer in 
an isentropic process; that is, u 2 — u x = ( c v )(T 2 — T x ) = work per kilogram: Work = (2)(0.741)(73 — 5) = 101 kJ. 


16.22 


If 3.0 slugs of air are involved in a reversible polytropic process in which the initial conditions p x = 12 psia and 
T x = 60 °F change to p 2 = 20 psia and volume V = 1011 ft 3 , determine the (a) formula for the process and 
(6) work done on the air. 

f (a) p, =p,//?7i = (12)(144)/(53.3)(32.17)(460 + 60) = 0.00194 slug/ft 3 . R was converted to foot-pounds per 
slug and degree Rankine by multiplying by 32.17. Also, p 2 = si = 0.002967 slug/ft 3 ; p x /p1 = pjpl, n = 

[In (p 2 /pi)]/[tn (p 2 /Pi)] = [In (f§)]/[ln (0.002967/0.00194)] = 1.20; hence pip' 2 = const describes the polytropic 
process. 

(6) Work of expansion is 


W = 



This is the work done by the gas on its surroundings. Since p x V" = p 2 V 2 = pV", by substituting into the integral, 



P 2 F 2 P 1 V 1 
1 -n 


mR 
1 — n 


(T 2 -T x ) 


if m is the mass of gas. V 2 = 1011 ft 3 and V, = V 2 (p 2 /p x ) Vn = (1011)(i) w 2 = 1547 ft 3 . Then W = 
[(20)(144)(1011) - (12)(144)(1548)]/(1 - 1.2) = -1184 000 ft-Ib. Hence, the work done on the gas is 
1184 000 ft-lb. 


16.23 For Prob. 16.22, find the (a) amount of heat transfer and ( b ) entropy change. 

I (a) From the first law of thermodynamics the heat added minus the work done by the gas must equal the 
increase in internal energy; that is, Q„ — W = U 2 - U x = c v m(T 2 - T x ). First T 2 = p 2 !p 2 R = 

(20)(144)/(0.002965)(53.3)(32.17) = 566 °R. Then Q„ = -(1184000/778) + (0.17)(32.17)[3(566 - 520)] = 
-761 Btu and 761 Btu was transferred from the mass of air. 
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(6) s 2 -s, = c v In [(Pz/PiXPi/Pt)*] s 2 -s, = (0. 171)In[(i)(0.00194/0.002967) 14 ] = -0.01436Btu/(lbm-°R) 

and S 2 - S a = -0.01436(3)(32.17) = -1.386 Btu/°R 

A rough check on the heat transfer can be made using an average temperature T = (520 + 566)/2 = 543 and by 
remembering that the losses are zero in a reversible process: Q„ = 7’(5 2 - 5,) = (543)(-1.386) = -753 Btu. 

16.24 Carbon tetrachloride has a bulk modulus of elasticity of 1.124 GPa and a density of 1593 kg/m 3 . What is the 
speed of sound in the medium? 

I c = VKjp = V(l. 124 x 10 9 )/1593 = 840 m/s 

16.25 What is the speed of sound in dry air at sea level when T = 68 °F and in the stratosphere when T = —67 °F? 

f c = y/kRT. At sea level, c = V(1 40)(1716)(460 + 68) = 1126 ft/s. In the stratosphere, 
c = V(1.40)(1716)(460 - 67) = 972 ft/s. 

16.26 If 4 kg of a perfect gas, molecular weight 36, had its temperature increased 2 K when 6.4 kJ of work was done 
on it in an insulated constant-volume chamber, determine c„ and c p . 

I c„ = Au/At = 6.4/(4)(2) = 0.8 kJ/kg • K c p =c v +R 

R = 8.312/M = 8.312/36 = 0.231 kJ/kg • K 
c p = 0.8 + 0.231 = 1.03 kJ/kg • K 

16.27 A gas of molecular weight 46 has c p = 1.558 kJ/kg • K. What is c„ for this gas? 

f R = 8.312/46 = 0.181 kJ/kg -K c v =c p — R = 1.558 — 0.181 = 1.377 kJ/kg • K 

16.28 Calculate the specific heat ratio k for Probs. 16.26 and 16.27. 

I k = c p /c v . For Prob. 16.26: k = 1.03/0.8 = 1.288. For Prob. 16.27: k = 1.558/1.377 = 1.131. 

16.29 The enthalpy of a gas is increased by 0.5 Btu/(lbm-°R) when heat is added at Constant pressure and the internal 
energy is increased by 0.4 Btu/(lbm-°R) when the volume is maintained constant and heat is added. Calculate 
the molecular weight. 

f R = 1545/M = c p — c„ c p = 0.5Btu/(lbm-°R) c„ = 0.4 Btu/(lbm-°R) 

R = (0.5 — 0.4)(778) = 77.8 ft-lb/(lbm-°R) 77.8 = 1545/M M = 19.86 

16.30 Calculate the enthalpy change (in kcal) of 3 kg carbon monoxide from p x = 16 kPa abs and T 2 = 5 °C to 
p 2 = 30 kPa abs and T 2 = 170 °C. 

I H = mc p AT = (3)(0.249)(170 - 5) = 123.3 kcal 

16.31 Calculate the entropy change in Prob. 16.30. 

I AS = mc v In [{T 2 /Ti) k (p 2 /p l )'~ k ] T 2 = 170 + 273 = 443 K 7) = 5 + 273 = 278 K 

AS = (3)(0 178){ln [(^) 1 - 40 (^) 1 ”’- 40 ]} = 0.215 kcal/K 

16.32 In an isentropic process, 1 kg of oxygen at 17 °C has its absolute pressure doubled. What is the final 
temperature? 

I T 2 /r, = (pz/p,)'* -0 '* TJ(Y1 + 273) = ( 2 ) <140 ~ 1)/14 ° T 2 = 354 K or 84 °C 

16.33 Work out the expression for density change with temperature for a reversible polytropic process. 

f pip" = constant plpT = constant p n ^'/T = constant T\/T 2 = (p l /p 2 ) n ~' 

16.34 Hydrogen at 50 psia and 40 °F has its temperature increased to 120 °F by a reversible polytropic process with 
n = 1.20. Calculate the final pressure. 

f T 2 /T t = (p 2 / Pl Y"-' ),n (120 + 460)/(40 + 460) = (p 2 /50) (12 °- ,)/120 p 2 = 122 psia 

16.35 A gas has a density decrease of 15 percent in a reversible polytropic process when the temperature decreases 
from 50 °C to 10 °C. Compute the exponent n for the process. 
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I FromProb. 16.33, 71/71 = (pjp 2 )"~\ (50 + 273)/(10 + 273) = (1/0.85)"'', log 1.141 = (n - 1)log 1.176, 
n = 1.81. 

16.36 A projectile moves through water at 80 °F at 1800 fps. What is the Mach number? 

I c = VkJp = V(322 000)(144)/1.93 = 4902 ft/s N M = v/c = = 0.367. 

16.37 If an airplane travels at 1350 km/h at sea level, p = 101 kPa abs, T = 25 °C, and at the same speed in the 
stratosphere where T = -55 °C, how much greater is the Mach number in the latter case? 

f (N m ) 2 /(Nm)i = c,/c 2 = VTJt 2 = V(273 + 25)/(273 - 55) = 1.169. Thus, (N M ) 2 is 16.9 percent greater than 

(AW.. 

16.38 What is the speed of sound through hydrogen at 75 °F? 

I c = VkRT = V(l-40)(24 649)(75 + 460) = 4297 ft/s 

16.39 Argon (M = 39.944, k = 1.67) flows through a tube such that its initial condition is/?! = 250 psia and 

Pi = 1.16 lbm/ft 3 and its final condition is p 2 = 30 psia and T 2 = 265 °F. Estimate the (a) initial temperature, 

(6) final density, (c) change in enthalpy, and (d) change in entropy. 

I (a) R = 49 720/39.944= 1245 ft 2 /(s 2 -°R) p, = 1.16/32.2 = 0.03602 slug/ft 3 

71 = pjRiPi = (250)(144)/[(1245)(0.03602)] = 803 °R or 343 °F 

(b) p 2 = p 2 /RT 2 = (30)(144)/[(1245)(460 + 265)] = 0.00479 slug/ft 3 

(c) c„ = kR/(k -1) = (1.67)(1245)/(1.67 - 1) = 3103 ft 2 /(s 2 -°R) 
h 2 -h,= ( c p )(T 2 - 71) = (3103)[(460 + 265) - 803] = -242 000 ft 2 /s 2 

id) s 2 - s, = c p In (71/71) - R In (p 2 /p,) = (3103){ln [(460 + 265)/803]} 

- (1245){ln [(30)(144)/(250)(144)]> = 2323 ft 2 /(s 2 -°R) 

16.40 Estimate the speed of sound of carbon monoxide [k = 1.40, R = 0.297 kJ/kg - K] at 200 °C. 

I c = VkRT= V(1.40)(297)(200 + 273) = 443 m/s 

16.41 A gas flows adiabatically through a duct. At section 1, p, = 195 psia, 71 = 480 °F, and V, = 240 fps, while farther 
downstream V 2 = 1000 fps and p 2 — 35 psia. Calculate T 2 and s 2 - s, if the gas is air [c p = 6010 ft 2 /(s 2 -°R)]. 

I c p T l + v\l2 = c p T 2 + v\l2 (6010)(480) + 240 2 /2 = 601071 + 1000 2 /2 T z = 402 °F 

s 2 - s, = Cp In (71/71) - R In (p 2 /p,) = (6010){ln [(402 + 460)/(480 + 460)]} - (1716)[ln (#)] = 2427 ft 2 /(s 2 -°R) 

16.42 Rework Prob. 16.41 if the gas is argon [c p = 3103 ft 2 /(s 2 -°R), k = 1.67, R = 1245 ft 2 /(s 2 -°R)]. 

f c p 71 + v\!2 = c p T 2 + v\/2 (3103)(480) + 240 2 /2 = 3103T 2 + 1000 2 /2 71 = 328°F 

s 2 - s, = Cp In (71/7j) - R In (p 2 /p,) = (3103){ln [(328 + 460)/(480 + 460)]} - (1245)[ln (#)] = 1591 ft 2 /(s 2 -°R) 

16.43 Solve Prob. 16.41 if the gas is steam. Assume an ideal gas, with M = 18.02 and k = 1.33. 

I CpT i + v]/2 = CpT 2 + v 2 2 /2 R =49 720/M = 49 720/18.02 = 2759 ft 2 /(s 2 -°R) 

Cp = kR/(k - 1) = (1.33)(2759)/(1.33 - 1) = 11 120 ft 2 /(s 2 -°R) 

(11120)(480) + 240 2 /2 = 1112071 + 1000 2 /2 T 2 = 438 °F 
s 2 - s, = Cp In (71/71) - R In (p 2 /p,) = (11120){ln [(438 + 460)/(480 + 460)]} - (2759)[ln (,!)] = 4231 ft 2 /(s 2 -°R) 

16.44 Solve Prob. 16.41 if the gas is steam. Assume a real gas and use the steam tables. 

I A,+ uf/2 = h 2 + vl/2. With pi = 195 psi and 7] = 480 °F, /i, = 1258.2 Btu/lbm and s, = 1.6153Btu/(lbm-°F) 
(from the steam tables). 1258.2 + 240 2 /[(2)(32.2)(778)] = h 2 + 1000 z /[(2)(32.2)(778)], h 2 = 1239.4Btu/lbm. With 
p 2 = 35 psi and h 2 = 1239.4 Btu/lbm, 71 = 406 °F and s 2 = 1.7641Btu/(lbm-°F) (from the steam tables). 
s 2 -s, = 1.7641 - 1.6153 = 0.149Btu/(lbm-°F). 

16.45 If 5 kg of oxygen in a closed tank at 240 kPa is heated from 100 °C to 300 °C, calculate the new pressure, the 
heat added, and the change in entropy. 
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f p 2 /pi = T 2 /T t p 2 /240 = (300 + 273)/(100 + 273) p 2 = 369 kPa Q = mc v AT 

c p = */?/(* - 1) = (1.40)(0.260)/(1.40 - 1) = 0.910 kJ/kg • K c„ = c p /k = 0.910/1.40 = 0.650 kJ/kg • K 

Q = (5)(0.650)(300 - 100) = 650 kJ 

s 2 - s,‘= mc v In (T 2 /T) = (5)(0.650){ln [(300 + 273)/(100 + 273)]} = 1.395 kJ/K 

16.46 Steam at 450 °F and 80 psia is compressed isentropically to 100 psia. What is the new temperature? Assume an 
ideal gas with k = 1.33. 

I T 2 /T, = (p 2 /p,y k -' Vk r 2 /(450 + 460)=(^) (,33 - ,)/l33 T 2 = 962 °R or 502 °F 

16.47 Solve Prob. 16.46 assuming a real gas and using the steam tables. 

I With p x = 80 psia and 7] = 450 °F, s, = 1.7078Btu/(lbm-°F) (from the steam tables). With p 2 = 100 psia and 
s 2 = s, = 1.7078Btu/(lbm-°F), T 2 = 500 °F (from the steam tables). 

16.48 Carbon dioxide (k = 1.30, M = 44.01) enters a constant-area duct at 340 °F, 100 psia, and 500 fps. Farther 
downstream the properties are V 2 — 1000 fps and T 2 = 940 °F. Compute (a) p 2 , (A) the heat added between 
sections, (c) the entropy change between sections, and (d) the mass flow per unit area. 

I (a) PJP, = (T 2 /Tx)(Vx/V 2 ) p 2 /100 = [(940 + 460)/(340 + 460)](^j) p 2 = 87.5 psia 

(A) q = (c p )(T 2 -Tx) + (v 2 2 -vf )/2 c p = kRI(k- 1) R = 49 720/Af = 49 720/44.01 = 1130 ft 2 /(s 2 -°R) 

c p = (1.30)(1130)/(1.30 - 1) = 4897 ft 2 /(s 2 -°R) 

q = (4897)(940 - 340) + (1000 2 - 500 2 )/2 = 3.313 x 10 6 ft-lb/siug = 3.313 x 10 6 /[(32.2)(778)] = 132 Btu/lbm 

(c) s 2 - 5, = c p In (TJTx) - R In (p 2 /p t ) = (4897){ln [(940 + 460)/(340 + 460)]} - (1130)[ln (87.5/100)] 

= 2891 ft-lb/(slug-°R) 

(d) m = pxA t Vx Px = px/RTx = (100)(144)/[(1130)(340 + 460)] = 0.01593 slug/ft 3 

m/A x = (0.01593)(500) = 7.97 (slugs/s)/ft 2 

16.49 Steam enters a duct at p t = 60 psia, 7} = 350 °F, Vi = 200 fps, and leaves at p 2 = 120 psia, T 2 = 850 °F, and 
V 2 = 1200 fps. How much heat was added? 

f q = (h 2 - hx) + (u 2 — v 2 )/2. From the steam tables, A, = 1208.2Btu/lbm and h 2 = 1453.4Btu/lbm. 
q = (1453.4 - 1208.2) + [(1200 2 - 200 2 )/2]/[(32.2)(778)] = 273 Btu/lbm. 


16.50 The internal energy of a hypothetical perfect gas is given as u = T I/2 /50 +100. Determine c„ and c p . Take 
R=50ft-lb/(lbm-°F). 

f c„ = du/dt = (§)(r- ,/2 )/50 = 0.01007’- 1 ' 2 Btu/(lbm-°R) 

c p = R + c„ = H + 0.0100r- ia = 0.0643 + 0.0100T- I/2 Btu/(lbm-°R) 


16.51 


Air at 15 °C and 101325 Pa is compressed to a pressure of 345 000 Pa. If the compression is adiabatic and 
reversible, what is the final specific volume? How much work is done per kilogram of the gas? 

I Pi/P 2 = [(V,) 2 /(V s )x] k V s = RT/p (V s ) 1 = (287)(15 + 273)/101325 = 0.8158 m 3 /kg 

101 325/345 000 = [(V J ) 2 /(0.8158)] 140 (V s ) 2 = 0.340 m 3 /kg W = fpdv 

Since p(V s ) k = constant, 


... constant, . Jl/(V 5 )‘- , f 340 

W = J (VY dv = (constant) 1 - U ~ 

*'0.8158 L 1 AC -10.8158 

, A [(1/0.340) 1 ' 40-1 — (1/0.8158) 140_1 ] , 

= (constant) j^--j—-I = (-1.137)(constant) 

Constant = (101 325)(0.8158) 14O = 761% W = (-1.137)(76 196) = -86600 J/kg 


16.52 Do Prob. 16.51 for an isothermal compression. 
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| (p i )(V s ),=(p 2 )(V s ) 2 . Using data from Prob. 16.51, (101 325)(0.8158) = (345 000)(V S ) 2 , (V s ) 2 = 0.240 m 3 /kg. 

r f 0 240 dV / 0.240 \ 

W = jpdv = constant — s - = constant [In Klasiss = (constant)! In - ' —- I = (constant)(—1.224) 

J Jo.8158 *s ' 0.8158/ 

Constant = (101 325)(0.8158) = 82 661 W = (82 661)(-1.224) = -101000 J/kg 


16.53 An airplane is capable of attaining a flight Mach number of 0.9. When it is flying at an altitude of 1000 ft in 
standard atmosphere, what is the ground speed if the air is not moving relative to the ground? What is the 
ground speed if the plane is at an altitude of 35 000 ft in standard atmosphere? 

I At altitude 1000 ft, c = 1113 ft/s, o plane = (0.9)(1113) = 1002 ft/s. At altitude 35 000 ft, c = 973 ft/s, 
w P i»ne = (0.9)(973) = 876 ft/s. 

16.54 Do the first part of Prob. 16.53 if the air is moving at 30 mph directly opposite to the direction of flight. 

I u plane = 1002 - (30)(5280)/3600 = 958 ft/s 


16.55 What is the value of k for standard atmosphere at an altitude of 30 000 ft? 

f c = yjkp/p 995 = V (k)(628)/(0.374)(0.00238) k = 1.40 


16.56 Suppose that a plane is moving horizontally relative to the ground at a speed of twice the velocity of sound 
(340.5 m/s) and that the air is moving in the opposite direction at a speed of one-fourth the velocity of sound 
relative to the ground. What is the Mach angle? 

f Relative to the ground: F source = (2)(340.5) = 681.0 m/s, V air = 340.5/4 = 85.1 m/s. Velocity of source relative 
to the air is 681.0 + 85.1 = 766.1 m/s. Hence, N M = 766.1/340.5 = 2.25, sin a = 1/2.25, a = 26.4°. 


16.57 Suppose that a cruise missile under test is moving horizontally at N m = 2 in the atmosphere at an elevation of 
300 m above the earth’s surface. How long does it take for an observer to hear the disturbance from the instant 
when it is directly overhead? Assume standard atmosphere. 

f See Fig. 16-2. sin a = 1/2, a = 30.0°; tan 30° = 300/d, d = 519.6 m. Speed of shell is (2)(340) = 680 m/s. 
t = d/V = 519.6/680 = 0.764 s. 


Fig. 16-2 

16.58 Suppose in Prob. 16.57 that an observer in a plane is moving in the same direction as the missile at a speed of 
one-half the speed of sound at an elevation of 300 m above the missile. What is the time elapsed between the 
instant when the missile is directly below and the instant when the observer hears the sound? Neglect change of 
c from 300 m to 600 m elevation. 

f See Fig. 16-3. Using data from Prob. 16.57, 680f = 519.6 + (®!r)(t), t = 1.02 s. 


E 

o 

o 

in 


16.59 A certain aircraft flies at the same Mach number regardless of its altitude. It flies 80 km/h slower at 10 km than 
at sea level. What is its Mach number? 

I c = VkRT- At sea level, c, = VkRT, =340.3 m/s. At 10000 m, c 2 = VkRT 2 = 299.4 m/s, An = (W M )(c 2 - c,), 
(80)(1000)/3600 = (V w )(340.3 - 299.4), N M = 0.543. 
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16.60 At 150 °C and 1 atm, compute the speed of sound of (a) air, ( b ) oxygen, (c) hydrogen, (d) steam, (e) carbon 


monoxide. 


I 

c = \/kRT 

(a) c = V(1.40)(287)(150 + 273) = 412 m/s 

(6) c = V(1.40)(260)(150 + 273) = 392 m/s 

(c) c = V(1.41)(4127)(150 + 273) = 1569 m/s 

(e) c = V(l-40)(297)(150 + 273) = 419 m/s 

(d) c = V(1.33)(461)(150 + 273) = 509 m/s 


16.61 Assuming that water follows the liquid equation of state K = (n)(B + \){p a )(p/p a )" with n = 7 and B = 3000, 
compute the bulk modulus and speed of sound at (a) 1 atm and ( b ) 1000 atm. 

I (a) At 1 atm ( 101350 Pa), p = p a , K = (7)(3000 + 1)(101 350)(1) 7 = 2.13 GPa, c = VkJp = 

V(2.13 x 10 9 )/998 = 1461 m/s. 

(6) At 1100 atm p/p„ = [(1000 + 3000)/300 11 1/7 = 1.042, K = (/f atm )(l.042) 7 = (2.13 x 10 9 )(1.042) 7 = 

2.84 x 10 9 Pa, c = V(2.84 X 10 9 )/[(998)(1.042)] = 1653 m/s. 

16.62 The measured value of the speed of sound in water at 20 °C and 9000 atm is 2650 m/s.* Compare this with the 
value computed by the analysis of Prob. 16.61. 

I c = \fRJp, K = (n)(B + 1 )(p„)(p/p«Y, n = l, B = 3000, p a = 998 kg/m 3 . From Prob. 16.61, 9000 = 
(3001)(p/9 98) 7 - 3 000, p = 1216.5 kg/m 3 ; K = (7)(3000 + 1)(101 350)(1216.5/998) 7 = 8.513 GPa, 
c = V(&513 x 10 9 )/1216.5 = 2645 m/s. This is (2650 - 2645)/2650 = 0.0019, or 0.19 percent less than the 
measured value. 

16.63 Mercury at 1 atm has a bulk modulus of about 28 GPa. It has also n = 7 in the equation of state of Prob. 16.61. 
What value of B in that equation best fits the measured bulk modulus? Estimate the bulk modulus and speed of 
sound of mercury at 2000 atm. 

I From Prob. 16.61, K a = (n)(B + l)(p„) = 2.8 x 10’° = (7 )(B + 1)(101 350), B = 39 466. At 2000atm, 
p/p„ = 2000 = (39 466 + l)(p/p„) 7 - 39 466 p/p„ = 1.007 
K = ( K„)(p/p a y = (2.8 x 10’°)(1.007) 7 = 29.4 GPa 
p = 1.007p„ = (1.007)(13 550) = 13 645 kg/m 3 c = VkJp = V(2.94 x 10 ,o )/13 645 = 1468 m/s 

16.64 Why do (a) water and mercury and ( b ) aluminum and steel have nearly equal speeds of sound in spite of the 
fact that the second material of each pair is much heavier than the first? Can this behavior be predicted from 
molecular theory? 

f In both cases, the lighter material has a proportionately smaller bulk modulus. 

16.65 An airplane flies at 360 m/s through air at —10 °C and 40 kPa. Is the airplane supersonic? 

f c = y/kRT — V(1 40)(287)(273 — 10) = 325 m/s, N„ = v/c = §§ = 1.1. Since N M > 1.0, it is supersonic. 

16.66 A weak pressure wave (sound wave) with a pressure change A p = 50 Pa propagates through air at 20 °C and 
1 atm. Estimate the (a) velocity change across the wave, (6) density change, and (c) temperature change. 

f (a) Ap=pcAv 50 = (1.205)(343)(Au) An = 0.1210m/s 

(6) Ap = (p + Ap)(Av/c) = (1.205 + Ap)(0.1210/343) = 0.0004253 kg/m 3 

(c) Approximately isentropic: 

C T + AT) IT = [(p + A p)/pf k -' Vk 

(273 + 20 + A7")/(273 + 20) = [(101 350 + 50)/101 350] (,4O,),,4< ’ AT = 0.041 °C 

16.67 Air at 65 °F flows isothermally through a 6-in-diameter pipe. The pressure at one section is 82 psia, and that at a 
section 550 ft downstream is 65 psia. If the pipe surface is “smooth,” find the weight flow rate of the air. 


A. H. Smith and A. W. Larson, J. Chem. Phys., vol. 22, p. 351, 1954. 
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I p\~pl = (G 2 RT/g 2 A 2 )[fL/D + 2 In ( Pl /p 2 )\ A = (;r)(£) 2 /4 = 0.1963 ft 2 

Assume/= 0.007: (82 2 - 65 2 )(144) 2 = (G 2 )(53.3)(65 + 460)/[(32.2) 2 (0.1963) 2 ][(0.007)(550)/(£) + (2)(ln §)], 

G = 95.2 lb/s. This is the weight flow rate of the air if the assumed value of /of 0.007 is correct. This must be 
checked. 

N R = pD/p p = pIRT = (82)(144)/[(1716)(65 + 460)] = 0.01311 lb-s 2 /ft 4 G = yAv 

y = pg = (0.01311)(32.2) = 0.4221 lb/ft 3 95.2 = (0.4221)(0.1963)(u) v = 1149 ft/s 

N r = (0.01311)(£)(1149)/(3.78 x 1(T 7 ) = 1.99 x 10 7 

/ = 0.007 (from Fig. A-5, using the “smooth pipes” line) 

Since this value of/is the same as the assumed value, the computed weight flow rate of 95.2 lb/s is taken as the 
correct value. 

16.68 Air at 18 °C flows isothermally through a 300-mm-diameter pipe at of 0.450 kN/s (weight flow). The pressure at 
one section is 550 kPa abs, and the pipe surface is smooth. Find the pressure at a section 200 m downstream. 

f p\-pl = (G 2 RTIg 2 A 2 )[fLID + 2\n{pJp 2 )\ A = (jr)(0.300) 2 /4 = 0.07069 m 2 

N r = DG/gAp = (300 x 10 _3 )(0.450 x 10 3 )/(9.807)(0.07069)(1.81 x 10“ 8 ) 

From Fig. A-5, / = 0.0080. Substituting into the equation given above and neglecting temporarily the second 
term inside the brackets, 550 2 -p\ = {(0.450) 2 (29.3)(273 + 18)/[(9.807) 2 (0.07069) 2 ]}[(0.0080)(200)/0.300], p 2 = 
532 kPa. Substituting this value of p 2 into the term that was neglected and solving for the p 2 on the left side of 
the equation, 550 2 -p\ = {(0.450) 2 (29.3)(273 + 18)/[(9.807) 2 (0.07069) 2 ]}[(0.0080)(200)/0.300 + (2)(ln f§)], 
p 2 = 532 kPa (O.K.). 

16.69 Air at 100 °F flows isothermally through a 4-in-diameter pipe. Pressures at sections 1 and 2 are 120 psia and 
80psia, respectively. Section 2 is located 400 ft downstream from section 1. Determine the weight flow rate of 
the air. Assume the pipe has a smooth surface. 

I pl—pl — (G 2 RT/g 2 A 2 )[fL/D + 21n (p\/p 2 )\ A = (jt)(^) 2 /4 = 0.08727ft 2 

Assume/ = 0.007: (120 2 - 80 2 )(144) 2 = (G 2 )(53.3)(100 + 460)/[(32.2) 2 (0.08727) 2 ][(0.007)(400)/(^) + (2)(ln W)], 
G = 69.0 lb/s. This is the weight flow rate of the air if the assumed value of/of Q.007 is correct. Further 
checking (not shown here but following the pattern of Prob. 16.67) indicates that the assumed value of/of 
0.007 is correct, and therefore G = 69.0 lb/s. 

16.70 Air at 85 °F flows isothermally through a 6-in-diameter pipe at a flow rate of 10 lb/s. The pipe surface is very 
smooth. If the pressure at one section is 70 psia, determine the pressure at a section 600 ft downstream from the 
first section. 

I p\-pl = (G 2 RT / g 2 A 2 )[fL/D + 2 In (p Jp 2 )\ A = (jt)(£) 2 /4 = 0.1963 ft 2 N R = pDv/p 
y — p/RT = (70)(144)/[(53.3)(460 + 85)] = 0.3470 lb/ft 3 P = y/g = 0.3470/32.2 = 0.01078 slug/ft 3 
G = yAv 10 = (0.3470)(0.1963)(u) v = 146.8 ft/s N R = (0.01708)(£)(146.8)/(3.78 x 10~ 7 ) = 2.09 x 10" 

From Fig. A-5, / = 0.0103. Substituting into the equation given above and neglecting temporarily the second 
term inside the brackets, (70 2 )(144) 2 - (p 2 ) 2 (144) 2 = (10) 2 (53.3)(460 + 85)/[(32.2) 2 (0.1963) 2 ][(0.0103)(600)/(^)], 
p 2 = 69.69 lb/in 2 . Substituting this value of p 2 into the term that was neglected and solving for the p 2 on the left 
side of the equation, (70 2 )(144) 2 - (p 2 ) 2 (144) 2 = {(10) 2 (53.3)(460 +85)/[(32.2) 2 (0.1963) 2 ]} x 
{(0.0103)(600)/(&) + (2) [In (70/69.69)], p 2 = 69.69 lb/in 2 (O.K.). 

16.71 Prepare a computer program to solve for either the weight flow rate or the pressure at a section downstream for 
isothermal flow of a compressible fluid. 

f C THIS PROGRAM DETERMINES EITHER THE FLOW RATE OR THE PRESSURE AT A 

C SECOND (DOWNSTREAM) POINT FOR CLOSED CONDUIT, COMPRESSIBLE FLOW. 

C IT IS BASED ON AN ISOTHERMAL FLOW ANALYSIS AND IS THEREFORE SUB- 

C JECT TO THE RESTRICTIONS AND/OR ASSUMPTIONS IMPLICIT IN ISOTHERMAL 

C FLOW. IT CAN BE USED FOR PROBLEMS IN BOTH THE ENGLISH SYSTEM OF 
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UNITS AND THE INTERNATIONAL SYSTEM OF UNITS. THE APPLICATION OF 
THIS PROGRAM IS LIMITED TO CASES INVOLVING A SINGLE CONDUIT WITH 
A CONSTANT DIAMETER. 

INPUT DATA MUST BE SET UP AS FOLLOWS. 


CARD 1 


CARD 2 


CARD 3 


COLUMN 1 

COLUMNS 2-79 
COLUMNS 1-10 

COLUMNS 11-20 

COLUMNS 21-30 

COLUMNS 31-40 

COLUMNS 41-50 

COLUMNS 51-60 
COLUMNS 61-70 

COLUMNS 71-80 


COLUMNS 1-10 


COLUMNS 11-34 
COLUMNS 35-58 


ENTER 0 (ZERO) OR BLANK IF ENGLISH SYSTEM 
OF UNITS IS TO BE USED. ENTER 1 (ONE) IF 
INTERNATIONAL SYSTEM OF UNITS IS TO BE USED. 
ENTER TITLE, DATE, AND OTHER INFORMATION, 

IF DESIRED. 

ENTER NUMBER INCLUDING DECIMAL GIVING 
ABSOLUTE PRESSURE AT UPSTREAM POINT (IN 
POUNDS PER SQUARE INCH OR KILO- 
PASCALS) . 

ENTER NUMBER INCLUDING DECIMAL GIVING 
ABSOLITE PRESSURE AT DOWNSTREAM POINT (IN 
POUNDS PER SQUARE INCH OR KILO- 
PASCALS) . 

ENTER NUMBER INCLUDING DECIMAL GIVING GAS 
CONSTANT (IN FEET PER DEGREE-RANKINE CR 
METERS PER DEGREE-KELVIN). 

ENTER NUMBER INCLUDING DECIMAL GIVING 
TEMPERATURE (IN DEGREES-FAHRENHEIT OR 
DEGREES-CELSIUS). 

ENTER NUMBER INCLUDING DECIMAL GIVING 
DIAMETER OF CONDUIT (IN INCHES OR MILLI¬ 
METERS) . 

ENTER NUMBER INCLUDING DECIMAL GIVING 
LENGTH OF CONDUIT (IN FEET OR METERS) . 

ENTER NUMBER INCLUDING DECIMAL GIVING 
ROUGHNESS (IN FEET OR METERS). ENTER A 
VALUE OF 0 (ZERO) FOR "SMOOTH" CONDUITS. 
ENTER NUMBER INCLUDING DECIMAL GIVING 
VISCOSITY OF FLUID (IN POUNDS-SECONDS 
PER SQUARE FOOT OR KILONEWTONS-SECONDS PER 
SQUARE METER) . 

ENTER NUMBER INCLUDING DECIMAL GIVING 
WEIGHT FLOW RATE (IN POUNDS PER 
SECOND OR KILONEWTONS PER SECOND). 

ENTER TYPE OF FLUID. 

ENTER TYPE OF CONDUIT. 




***************************************’ 


* NOTE WELL_EITHER THE FLOW RATE (COLUMNS 1-10 ON CARD 3) OR 

* THE PRESSURE AT DOWNSTREAM POINT (COLUMNS 11-20 ON CARD 2) , 

* WHICHEVER ONE IS TO BE DETERMINED BY THIS PROGRAM, SHOULD BE 

* LEFT BLANK. 


**************** ************************ 


******************************** 


MULTIPLE DATA SETS FOR SOLVING ANY NUMBER OF PROBLEMS MAY BE 
INCLUDED FOR PROCESSING. 


DIMENSION TITLE (13) .FLUID(4) .PIPE (4) 

COMMON F, ED ,RN 
PI=3.14159265 
REAL L 

1 READ(5,100, END=2)UNITS, TITLE 

100 FORMAT(I1,13A6) 

WRITE(6,105(TITLE 

105 FORMATC 1' , 13A6,//) 

READ(5,101)PI,P2,R,T,D,L,E,VIS,Q,FLUID,PIPE 

101 FORMAT(8F10.0,/,F10.0,8A6) 

FACTOR*12.0 

IF(UNITS.EQ.1)FACTOR*1000.0 
PFACT*144.0 

IF(UNITS.EQ.1)PFACT*1.0 
TFACT*460.0 

IF(UNITS.EQ.1)TFACT*273.0 
G=32.2 

IF(UNITS.EQ.1)G=9.807 
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A=PI*D* *2/FACTOR **2/4.0 
SW=P1 * PFACT /R/ (T+TFACT) 

RHO=SW/G 

ED=E/D*FACTOR 

IF(Q.GT.0.0001) GO TO 102 

FF=0.02 

104 Q=SQRT((Fl**2-F2**2)*PFACT**2*G*G*A*A/ (R*(T+TFACT)*(FF*L/D*FACT0R+ 
*2.0*ALOG(P1/P2)))) 

V=Q/SW/A 

RN=RHO*D/FACTOR*V/VIS 
CALL ROUGH 
DIFF=ABS(F-FF) 

IF(DIFF.LT.0.0001)GO TO 103 
FF=F 

GO TO 104 

103 IF (UNITS.EQ.0)WRITE(6,106)P1,P2,D,E,R,T,L,FLUID,PIPE,Q 

106 FORMAT( IX,'GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED 

* CONDUIT',//5X,'PRESSURE AT POINT 1 =',F8.1,‘ PSI', //5X,' PRESSURE 
*AT POINT 2 =',F8.1,' PSI',//5X,'DIAMETER OF CONDUIT =',F7.2, 

*' IN',//5X,'ROUGHNESS =',F10.7,' FT',//5X,'GAS CONSTANT =',F7.1, 

*' FT /DEG-R' ,//5X,' TEMPERATURE =',F7.1,’ DEG-F',//5X,'LENGTH OF CON 
*DUIT =',F8.1,' FT',//5X,‘FLUID FLOWING IS ',4A6,//5X,'CONDUIT MATE 
*RIAL IS ' ,4A6,//1X, 'THE FLOW RATE WILL BE',F7.1,' LB/S') 

IF (UNITS.EQ.1)WRITE(6,107)PI,P2,D,E,R,T,L,FLUID,PIPE,Q 

107 FORMAT(IX,'GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED 

* CONDUIT',//5X,'PRESSURE AT POINT 1 =',F8.1,' KPA',//5X,'PRESSURE 
*AT POINT 2 =' ,F8.1,' KPA’,//5X,'DIAMETER OF CONDUIT =',F7.1, 

*' MM',//5X,'ROUGHNESS =',F10.7,' M ’,//5X,'GAS CONSTANT =',F7.1, 

* ' M/DEG-K',//5X,'TEMPERATURE =',F7.1,’ DEG-C’,//5X,' LENGTH OF CON 
*DUIT «' ,F8. 1,' M ' ,//5X, 'FLUID FLOWING IS ' ,4A6,//5X,'CONDUIT MATE 
•RIAL IS ' , 4A6, //1X, ' THE FLOW RATE WILL BE',F7.3,' KN/S') 

GO TO 1 

102 V=Q/SW/A 
RN=RHO*D/FACTOR*V/VIS 
CALL ROUGH 

P2=SQRT (Pl**2—Q**2*R* (T+TFACT / G**2/ A**2*F*L/D*FACT0R/PFACT**2) 

109 P22=SQRT(F1**2-Q**2**R*(T+TFACT) / G 2 / A**2* (F*L/D*FACT0R+2.0* 
*AL0G(P1/P2) )/PFACT*»2) 

DIFF=ABS(P22-P2) 

IF(DIFF.LT.0.01)GO TO 108 

P2=P22 

GO TO 109 

108 IF(UNITS.EQ.0)WRITE(6,lll)Pl,D,E,R,T,L,Q,FLUID,PIPE,P2 

111 FORMAT(IX,'GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED 

* CONDUIT',//5X,'PRESSURE AT POINT 1 »',F8.1,' PSI', //5X,' DIAMETER 
*OF CONDUIT =',F7.2,’ IN',//5X,'ROUGHNESS =',F10.7,' FT',//5X,'GAS 
•CONSTANT =',F7.1,' FT/DEG-R',//5X,'TEMPERATURE »',F7.1,' DEG-F’, 

*//5X,'LENGTH OF CONDUIT =',F8.1,' FT’,//5X, 1 FLOW RATE =',F7.1, 

*' LB/S ' ,//5X,'FLUID FLOWING IS ' ,4A6 ,//5X,'CONDUIT MATERIAL IS ', 
♦4A6.//1X, 'THE PRESSURE AT POINT 2 WILL BE ' ,F8.1,' PSI’) 

IF(UNITS.EQ.1)WRITE(6,110)PI,D,E,R,T,L,Q,FLUID,PIPE,P2 

110 FORMAT (IX,'GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED 

* CONDUIT* ,//5X,'PRESSURE AT POINT 1 =' ,F8.1, ' KPA',//5X,’DIAMETER 
*OF CONDUIT =',F7.1, 1 MM',//5X,'ROUGHNESS =',F10.7,' M ',//5X,'GAS 
•CONSTANT =',F7.1,' M/DEG-K ',//5X,'TEMPERATURE =',F7.1,' DEG-C', 

*//5X,'LENGTH OF CONDUIT =',F8.1,' M ',//5X,'FLOW RATE =',F7.3, 

*' KN/S ',//5X,'FLUID FLOWING IS ',4a6,//5X,'CONDUIT MATERIAL IS ', 
*4A6,//1X,'THE PRESSURE AT POINT 2 WILL BE ',F8.1,'KPA') 

GO TO 1 
2 STOP 
END 

SUBROUTINE ROUGH 

COMMON F, ED, RN 

IF(RN.LE.2000.0)F=64.0/RN 

IF(RN.LE.2000.0)RETURN 

IF(RN.LT.4000.0)WRITE(6,103) 

103 FORMAT (1X,' A REYNOLDS NUMBER IS IN THE CRITICAL ZONE, FOR WHICH TH 
*E FRICTION FACTOR IS UNCERTAIN. HENCE, PROGRAM EXECUTION WAS TERM 
•INATED.') 

IF (RN. LT. 4000.0) STOP 
F=0.006 

TRY 1 = 1.0/SQRT(F)+2.0*ALOG10(ED/3.7 + 2.51/RN/SQRT(F)) 
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102 F=F+0.00001 

TRY2=1.0/SQRT(F)+2.0*ALOG10(ED/3.7+2. 51/RN/SQRT(F)) 
IF(TRY1*TRY2)100,100,101 
101 TRY1-TRY2 
GO TO 102 
100 F-F-0.000005 
RETURN 
END 


16.72 Solve Prob. 16.67 using the computer program of Prob. 16.71. 

f Input 

OSAMPLE ANALYSIS 0 F COMPRESSIBLE FLOW 

82.0 65.0 53.3 65.0 6.0 550.0 .000000378 

AIR "SMOOTH" 


Output 

SAMPLE ANALYSIS OF COMPRESSIBLE FLOW 

GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED CONDUIT 
PRESSURE AT POINT 1 = 82.0 PSI 

PRESSURE AT POINT 2 = 65.0 PSI 

DIAMETER OF CONDUIT = 6.00 IN 

ROUGHNESS = 0.0000000 FT 
GAS CONSTANT = 53.3 FT/DEG-R 

TEMPERATURE * 65.0 DEG-F ‘ 

LENGTH OF CONDUIT - 550.0 FT 

FLUID FLOWING IS AIR 
CONDUIT MATERIAL IS "SMOOTH" 

THE FLOW RATE WILL BE 9S.2 LB/S 


16.73 Solve Prob. 16.68 using the computer program of Prob. 16.71. 

I Input 

I 1 H Itll . 10,1 11,11411,.171 ■ «. M31 U111.1S1. 2MIW »H 1111M 1J I. IT M If « *’ .1 .1 4..H4 .T »I1 » SI S4SS U V MHW«1 UtlMUMt’’* T| 7| I* II I* 77 » ?»» 

1SAMPLE ANALYSIS 0F COMPRESSIBLE FLOW 

550.0 29.3 18.0 300.0 200.0 .000000018 

0.450 AIR "SMOOTH" 

Output 

SAMPLE ANALYSIS OF COMPRESSIBLE FLOW 

GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED CONDUIT 
PRESSURE AT POINT 1 = 550.0 KPA 

DIAMETER OF CONDUIT = 30Q.0 MM 

ROUGHNESS = 0.0000000 M 
GAS CONSTANT = 29.3 M/DEG-K 

TEMPERATURE = 18.0 DEG-C 


LENGTH OF CONDUIT 


200.0 M 
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FLOW RATE = 0.450 KN/S 

FLUID FLOWING IS AIR 
CONDUIT MATERIAL IS "SMOOTH" 

THE PRESSURE AT POINT 2 WILL BE 532.1 KPA 

16.74 Air flows isothermally at 65 °F through a horizontal 10- by 14-in rectangular duct at 100 lb/s. If the pressure at a 
section is 80 psia, find the pressure at a second section 500 ft downstream from the first. Assume the duct 
surface is very smooth; hence the lowest curve of Fig. A-5 may be used to determine /. 

i = 1 - k(N M )j{ 2 In [(A v ) 2 /(A m ),] +f(L/D)} R h =A/p w ='-§ = 2.92 in = 0.243 ft 

R, = DVp/p = GD/(igA = G(4R)//igA = [100(4 x 0.243)]/[(3.78 X 10" 7 )(32.2)^] = 8.2 X 10 6 
R 2 = Ri since p 1 Vi = p 2 V 2 and p, = ju 2 . From Fig. A-5, / = 0.0083. 

y, = pg/RT = [(80 x 144)32.2]/[1715(460 + 65)] = 0.41 lb/ft 3 V, = G/y t A = 100/[(0.41)|^] = 250 fps 
c = VkRT= V(l-4)(1715)(525) = 1123 fps (Af M ) t = VJc = $3 = 0.222 

The limiting value of (N M )i is 1/VL4 = 0.845. Therefore, 

(0.222) 2 /(0.845) 2 = 1 - 1.4(0.222) 2 {2 In (0.845/0.222) + 0.0083[L/4(0.243)]} L = 1260 ft 

Thus the equation p\~p\ = ( G 2 RT /g 2 A 2 )[f(L/D) + 2 In (p,/p 2 )] applies for all values of L < 1260 ft. 
Substituting L = 500 ft and neglecting the usually small logarithmic term, [(80)(144)] 2 —p\ = 

[(100) 2 (1715)(460 + 65)/(32.2) 2 (^«) 2 ] {(0.0083)[500/4(0.243)]> from which p 2 = 67.1 psia. Substituting this value 
of p 2 and considering the logarithmic term yields p 2 = 66.6 psia. Repeating the process again will give a more 
accurate answer. 

16.75 Refer to Prob. 16.74. Neglecting the logarithmic term, find the pressures at sections 100, 300, and 800 ft 
downstream of the section where the pressure is 80 psia. 

I P. ~P 2 = (G 2 RT/g 2 A 2 )[f(L/D) + 2 In ( Pl /p 2 )\ 

[(80)(144)] 2 -p 2 2 = [(100) 2 1715(460 + 65)/32.2 2 (!«) 2 ]{(0.(X)85)[L/4(0.243)]} 
pi = 1.327 x 10 s — 80 300L 

At L = 100 ft, p 2 = 11170 psfa = 77.5 psia. At L = 300 ft, p 2 = 10 420 psfa = 72.4 psia. At L = 800 ft, 
p 2 = 8270 psfa = 57.5 psia. 

Express in terms of p + y(V 2 /2g): 

At L = 100 ft, y = 0.41(77.5/80) = 0.397 pcf. 

At L = 300 ft, y = 0.41(72.4/80) = 0.371 pcf. 

At L = 800 ft, y = 0.41(57.5/80) = 0.295pcf. 

YiV i = Y 2 V 2 =yiV 3 

At L = 100 ft, V = 250(0.41/0.397) = 258 fps. At L = 300 ft, V = 250(0.41/0.371) = 276 fps. At L = 800 ft, 

V = 250(0.41/0.295) = 347 fps. 


L, ft 

p, psia 

V, fps 

V*/2g 

YV 2 /2g, 
psi 

p + yV 2 /2g, 
psia 

0 

80.0 

250 

970 

2.76 

82.8 

100 

77.5 

258 

1034 

2.86 

80.4 

300 

72.4 

276 

1183 

3.05 

75.5 

800 

57.5 

347 

1870 

3.83 

61.3 


Ap = 80 — 57.5 = 22.5 psi over the first 800 ft of length. Note: Greater accuracy can be achieved by considering 
the logarithmic term. 

16.76 Air flows isothermally through a long horizontal pipe of uniform diameter. At a section where the pressure is 
90 psia, the velocity is 110 fps. Because of fluid friction the pressure at a distant point is 30 psia. (a) What is the 
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increase in kinetic energy per pound of air? (b) What is the amount of thermal energy in Btu per pound of air 
that must be transferred in order to maintain the temperature constant? (c) Is this heat transferred to the air in 
the pipe or removed from it? (d) If the temperature of the air is 95 °F and the diameter of the pipe is 6 in find 
the total heat transferred in Btu per hour. 

f pV = const for isothermal flow, therefore V 2 = p x V x /p 2 = 90(110)/30 = 330 fps, Vl/2g = 188 ft-lb/lb, Vl/2g = 
1691 ft-lb/lb. 

(а) V\/2g + Q b = Vl/2g. Increase in KE of air = 1691 - 188 = 1503 ft-lb/lb. 

(б) Thermal energy/lb transferred = Q H = AKE = = 1.932 Btu/lb. 

(c) KE increases, therefore heat is transferred to the air in the pipe. 

id) y, = gpJRT, = t(32.2)(90)(144)]/[(1715)(460 + 95)] = 0.438 pcf 

G = y x V x A = (0.438)(110)[(jr/4)(n) 2 ] = 9.46 lb/s 
(1.932 x 9.46) = 18.28 Btu/s = 65 808 Btu/h 

16.77 For the case of Prob. 16.74 with a duct length of 500 ft, compute the thermal energy (heat) that must be added 
to the fluid to maintain isothermal conditions. 

f Since the flow is isothermal, p x lp x = p 2 lp 2 = RT = constant; p x = 80 psia and p 2 = 66.6 psia. Thus pjp 2 = 
80/66.6 = 1.20 and V 2 /V x = 1.20 since pV = constant from continuity. 

So V 2 = 1.20(250) = 300 fps; V\/2g +Q„ = Vl/2g, Q„ = (300)7[(2)(32.2)] - (250)7[(2)(32.2)] = 427 ft-lb/lb 
of air. Since G = 100 lb/s, the rate at which heat must be added to the fluid is (100)(427) = 42 700 ft-lb/s. Note: 
if Qh > 427 ft-lb/lb of air, T 2 >T X , and if Q,, < 427 ft-lb/lb of air, T 2 <T X . 

16.78 Carbon dioxide flows isothermally at 100 °F through a horizontal 6-in-diameter pipe. At this temperature 

p = 4.0 x 10 -7 lb-s/ft 2 . The pressure changes from 160.0 to 150.0 psig in a 120-ft length of pipe. Determine the 
flow rate if the atmospheric pressure is 14.5 psia and e for the pipe is 0.002 ft. 

f At section 1 (inlet), p x - 160.0 psig + 14.5 psi = 174.5 psia, R = 1123 ft 2 /(s 2 -°R), y = gp/RT, y, = 
[(32.2)(174.5)(144)]/[(1123)(460 + 100)] = 1.287 pcf; e/D = 0.002/0.5 = 0.004. Assume N R > 10 6 , Fig. A-5: 

/ = 0.0285. At section 2, p 2 = 150 psig + 14.5 psi = 164.5 psia. 

pl -pl = (G 2 RT/g 2 A 2 )[f (L/ D) + 2 In (p x /p 2 )] 

[(174.5)(144)] 2 - [(164.5)(144)] 2 = [G 2 (1123)(460 + 100)]/[32.2 2 (0.1963) 2 ][0.0285(120/0.5) + 2 In (174.5/164.5)] 
G = 25.3 lb/s (based on the above assumption) Vi = G/y x A = 25.3/[l.287(0.1963)] = 100.1 fps 
N r = (DVy/g)/p = [(n)100.1(1.287/32.2)]/(4.0 x 10' 7 ) = 5.00 x 10 6 
Hence assumption for N R was O.K., and G = 25.3 lb/s. 

16.79 Methane gas is to be pumped through a 24-in-diameter welded-steel pipe connecting two compressor stations 
24 mi apart. At the upstream station the pressure is not to exceed 65 psia, and at the downstream station it is to 
be at least 25 psia. Determine the maximum possible rate of flow (in cubic feet per day at 70 °F and 65 psia). 
Assume isothermal flow at 70 °F. 

f For methane: R = 3100 ft 2 /(s 2 -°R), p = 2.40 x 10 7 lb-s/ft 2 . Absolute viscosity is independent of pressure 
over a wide range of pressures but kinematic viscosity varies with pressure: v, = p/p x = p/(p x /RT x ) = 

2.40 X 10 -7 /[(65)(144)/(3100)(530)] = 4.21 x 10- 5 ft 2 /s, e = 0.00015 ft; e/D = 0.000075. As a first trial, assume 
N r > 10 7 , in which case from Fig. A-5 / = 0.0115. 

Pl -pl = (,G 2 RT/g 2 A 2 )[f (L/D) + 2 In (p x /p 2 )] 

[(65)(144)] 2 - [(25)(144)] 2 = (G 2 (3100)(460 + 70)/32.2 2 [(jr)(ff)74]}{(0.0115)[(24)(5280)/2] + 2 In §} 

G = 25.2 lb/s 

N r = GD/pgA = (25.2)(2)/(2.40 x 10 7 )[(32.2)(jr)] = 2.08 x 10 6 

Thus, from Fig. A-5: / = 0.0125; initially assumed/was too low. Substituting/ = 0.0125 gives G = 24.2 lb/s, 
y x —gp x /RT x = (32.2)(65)(144)/[(3100)(530)] = 0.1834 lb/ft 3 , Q = G/y = 24.2/0.1834 = 132.0 ft 3 /s = 11.40 x 
10 6 ft 3 /day at 70 °F and 65 psia. 

16.80 Air flows isothermally in a long pipe. At one section the pressure is 84 psia, the temperature is 70 °F, and the 
velocity is 100 fps. At a second section some distance from the first the pressure is 14 psia. Find the energy head 
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loss due to friction, and determine the thermal energy that must have been added to or taken from the fluid 
between the two sections. The diameter of the pipe is constant. 

f For isothermal flow: pjp 2 = pjp 2 = ft = 6. But from continuity p,A,V, = p 2 A 2 V 2 , thus V 2 = 6V,, V]/2g + 
Qh = Vl/2g, Q„ = 600764.4 - 100764.4 = 5430 ft-lb/lb of air. For head loss: dp/y + d(V 2 /2g) = -(2rds/yr)= 
-dh L , y = gp = gp/RT\ substituting for y, ( RT/g)(dp/p ) + d(V 2 /2g ) = —dh L . Integrating 

h L = (RT/g) In (p,/p 2 ) + (V 2 , - Vl)/2g = [1715(460 + 70)/32.2] In 6 + (100 2 - 600 2 )/2(32.2) 

= 50 580 - 5430 = 45 150 ft-lb/lb of air 

Note: The total energy at section 2 is greater than that at section 1 because external heat is added. Thus h, 
represents a degradation of mechanical energy, but not a net loss of energy, because it is converted to another 
form of energy, namely internal heat. 


16.81 


Air is flowing at constant temperature through a 3-in-diameter horizontal pipe, / = 0.018. At the entrance, 

V, = 320 ft/s, T = 110 °F, and p, = 30 psia. What is the maximum pipe length for this flow, and how much heat is 
transferred to the air per pound mass? 

f L m » x = (D/f)[(l-kN 2 M )/kN 2 M + \n(kN 2 M )] N„ = V/VkRT 

(N m ), = 320/V(1.40)(1716)(110 + 460) = 0.273 

= [(ra)/0.018]{[l - (1.40)(0.273) 2 ]/(1.40)(0.273) 2 + In [(1.40)(0.273) 2 ]} = 87.8 ft <?„= (V\ - V\)l2g 
K = (N m ) 2 (c) (N m ) 2 = l/Vk = l/VO0 = 0.845 


V 2 = (0.845)(1180) = 997.1 ft/s q„ = (997.1 2 - 320 2 )/[(2)(32.2)(778)[ = 17.8 Btu/lbm 


16.82 Air at 15 °C flows through a 20-mm-diameter pipe at constant temperature. At the entrance V, =60 m/s, and at 
the exit V 2 = 90 m/s (/ = 0.018). What is the length of the pipe? 

I ( f/D)(NL ) = [(1 - kNl)/kN 2 M + In (klV 2 *)], - [(1 - kN 2 M )/k 2 M + In (kN 2 M )} 2 N M = V/VkRf 
(N m ), = 60/V(1.40)(287)(15 -1- 273) = 0.176 (N M ) 2 = 90/V(1.40)(287)(15 + 273) = 0.265 

[0.018/0.020](AL) = {[1 - (1.40)(0.176) 2 ]/(1.40)(0.176) 2 -+- In [(1.40)(0.176) 2 ]} 

- {[1 - (1.40)(0.265) 2 ]/(1.40)(0.265) 2 + In [(1.40)(0.265) 2 ]} A L = 13.4 m 


16.83 If the pressure at the entrance of the pipe of Prob. 16.82 is 2.0 atm, find the pressure at the exit. 
I p*'/p = (Vk)(N M ) p* , /p, = (Vk)(N M )i p*'/p 2 = (Vk)(N M ) 2 

Using data from Prob. 16.82, 

p 2 /p, = (N m ),/(N m ) 2 = 0.176/0.265 = 0.664 p 2 = (0.664)(2.0) = 1.328 atm 


16.84 Hydrogen enters a pipe from a converging nozzle at N M = 1, p = 5 psia, and T = 0 °F. Determine, for isothermal 
flow, the maximum length of pipe, in diameters, and the pressure change over this length (/ = 0.018). 

f L = (D//)[(l - kN 2 M )/kN 2 M + In (kNj,)] 

LID = (1/0.018){[1 - (1.40)(1) 2 ]/(1.40)(1) 2 + In [(1.40)(1) 2 ]} = 2.82 

p*<lp = (Vk)(/V w ) p*75 = (VT40)(1) p*' = 5.916 psia Np = 5.916 - 5 = 0.916 psia 


16.85 Oxygen flows at constant temperature of 20 °C from a pressure tank, p = 130 atm, through 3-mm-ID tubing to 
another tank where p = 110 atm, / = 0.016. Determine the mass rate of flow. 

I m = pAv p =p/RT p, = (130)(101310)/[(260)(20 + 273)] = 172.9 kg/m 3 

A, = (jr)(0.003)74 = 0.000007069 m 2 N M = v/VkRT 

(f/D)(AL) = [(1 - kN 2 M )/kN 2 M -I- In (kN 2 „)], - [(1 - kN 2 M )/kN 2 M + In (kN 2 M )] 2 
Pi/pi = (N„),f(N M ) 2 (from Prob. 16.83) 
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pJPi = T3S = 0.8462 {N m ) 2 = (N„)J 0.8462 = 1.182(A„), 

[0.016/0.003][(10)(0.3048)] = {[1 - (1.40)(M m ) 1 ] 2 /(1.40)(1V m )? + In [(1A0)(N M ) 2 ]} 

- ({1 - (1.40)[1.182(A/ m ),] 2 }/(1.40)[1.182(7V m ) 1 ] 2 + In (1.40)[1.182(^),] 2 ) 
(N u ), =0.111 0.111 = n 1 /V(1.40)(260)(15 + 273) u, = 35.94 m/s 

m = (172.9)(0.000007069)(35.94) = 0.0439 kg/s 

16.86 In isothermal flow of nitrogen at 80 °F, 3 lbm/s is to be transferred 100 ft from a tank where p = 200 psia to a 
tank where p = 160 psia. What minimum size of tubing, / = 0.016, is needed? 

I (//D)(AL) = [(1 - kN 2 M )/kNl + In (kNl)], - [(1 - kN 2 M )/k 2 M + In (kN 2 „)} 2 N M = v/c 

m = p i A 1 v 1 p = p/RT p, = (200)(144)/[(1773)(80 + 460)] = 0.03008 slug/ft 3 
P 2 = (pi)(pJpi) = (0.03008)Oi) = 0.02406 slug/ft 3 3 = (0.03008)(32.17)(^D 2 /4)(u 1 ) u, = 3.947/D 2 
v 2 = (fi)(3.947 ID 2 ) = 4.934/D 2 c = VkRT= V(1.40)(55.2)(32.17)(80 + 460) = 1159 ft/s 

( N m ), = (3.947/D 2 )/1159 = 0.003406/D 2 (N M ) 2 = (4.934/D 2 )/1159 = 0.004257/D 2 

(0.016/D)(100) = {[1 - (1.40)(0.003406/D 2 ) 2 ]/(1.40)(0.003406/D 2 ) 2 + In [(1.40)(0.003406/D 2 ) 2 ]} 

- {[1 - (1.40)(0.004257/D 2 ) 2 ]/(1.40)(0.004257/D 2 ) 2 + In [(1.40)(0.004257/D 2 ) 2 ]} 

D— 0.150 ft or 1.80 in (by trial and error) 

16.87 Air enters a pipe of 1 in diameter at subsonic velocity and p x = 30 psia, 7, = 550 °R. If the pipe is 10 ft long, 

/ = 0.025, and the exit pressure p 2 = 20 psia, compute the mass flow for isothermal flow. 

I G 2 = (m/A) 2 = (p 2 -pl)/{RT[fL/D + 2\n(pJp 2 )]} 

fL/D + 2 In ( pjp 2 ) = [(0.025)(10)/£] + 2 In I = 3.81 

G 2 = [30(144)] 2 - [20(144)] 2 /[(1717)(550)(3.81)] = 2.88 lb 2 -s 2 /ft 6 or G = 1.70 lb-s/ft 3 = 1.70 slugs/(s-ft 2 ) 
A = \nD 2 = = 0.00545 ft 2 Hence m = GA = (1.70)(0.00545) = 0.00926 slug/s 

Check the Mach number at inlet and exit: 

a, = a 2 = 49(550) 1/2 = 1149 ft/s p, = pjRT = (30)(144)/(1717)(550) = 0.00457 slug/ft 3 
p 2 = pJRT = (20)(144)/(1717)(550) = 0.00305 slug/ft 3 

Then 

Vi = G/p! = 1.70/0.00457 = 371 ft/s (N M \ = V,/a, = ^ = 0.323 V 2 = G/p 2 = 557 ft/s 

Wm) 2 = = 0.484 

Since these are well below choking, the solution is accurate. 

16.88 Isentropic flow of nitrogen occurs in a 2-in-diameter pipe. At one point the velocity of flow, pressure, and 
specific weight are 409 fps, 85 psia, and 0.655 lb/ft 3 , respectively. At a second point a short distance away, the 
pressure is 83 psia. What is the velocity at the second point? 

f (v! - w!)/28 = (p,/y,)[*/(* -1)][1 - ( pJpT -' Vk '] 

(u| - 409 2 )/[(2)(32.2)] = [(85)(144)/0.655][1.40/(1.40 - 1)][1 - (i) 040 " 1 *' 1 ' 40 ] v 2 = 443 ft/s 

16.89 At one point on a streamline in an isentropic airflow, the velocity, pressure, and specific weight are 30.5 m/s, 
350 kPa, and 0.028 kN/m 3 , respectively. At a second point on the streamline, the velocity is 150 m/s. Find the 
pressure at the second point. 

i {v\ - u?)/2g=(, Pl / yi )[*/(* - i)][i - (p 2 /p>r~ m ] 

(150 2 - 30.5 2 )/[(2)(9.807)] = (350/0.028)[1.40/(1.40 - 1)][1 - (p 2 /350) <, 4 °- 1,,<140 ] p 2 = 320kPa 

16.90 Isentropic flow of oxygen occurs in a 100-m-diameter pipe. At one point the velocity of flow, pressure, and 
specific weight are 125 m/s, 450 kPa, and 0.058 kN/m 3 , respectively. At a second point a short distance away, 
the pressure is 360 kPa. What is the velocity at the second point? 

I (f 2 — v\)/2g = ( P ily)[k/(k — 1)][1 — (p 2 /piY k ~ i),k ] 

(v 2 2 - 125 2 )/[(2)(9.807)] = (450/0.058)[1.40/(1.40 - 1)][1 - (tfg) (140 ^ ,)/l ^ v 2 = 220 m/s 
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16.91 At one point on a streamline in an isentropic airflow, the velocity, pressure, and specific weight are 80 m/s, 
405 kPa, and 0.046 kN/m 3 , respectively. At a second point on the streamline, the velocity is 165 m/s. Find the 
pressure at the second point. 

I iv\ - vf)!2g = ( P JY)[k/(k - 1)][1 - (p 2 /pJ k ~ 1Vk ] 

(165 2 - 80 2 ) / [ (2) (9.807)] = (405/0.046)[1.40/(1.40 - 1)][1 - (p 2 /405) (14 °- 1)/1 ' 40 ] p 2 = 358 kPa 


16.92 Prepare a computer program that determines the pressure either at point 1 or point 2 or the velocity at point 1 
or point 2 for closed conduit, compressible, isentropic flow. 
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THIS PROGRAM DETERMINES EITHER THE PRESSURE AT POINT 1 OR 
POINT 2 OR THE VELOCITY AT POINT 1 OR POINT 2 FOR CLOSED CONDUIT, 
COMPRESSIBLE FLOW. IT IS BASED ON AN ISENTROPIC FLOW ANALYSIS 
AND IS THEREFORE SUBJECT TO THE RESTRICTIONS AND/OR ASSUMPTIONS 
IMPLICIT IN ISENTROPIC FLOW. IT CAN BE USED FOR PROBLEMS IN BOTH 
THE ENGLISH SYSTEM OF UNITS AND THE INTERNATIONAL SYSTEM OF 
UNITS. 


INPUT DATA MUST BE SET UP AS FOLLOWS. 


CARD 1 


CARD 2 


COLUMN 1 


COLUMNS 2-79 
COLUMNS 1-10 


COLUMNS 11-20 

COLUMNS 21-30 

COLUMNS 31-40 

COLUMNS 41-50 

COLUMNS 51-60 

COLUMiS 61-70 
COLUMfS 71-80 


ENTER 0 (ZERO) OR BLANK IF ENGLISH SYSTEM 
OF UNITS IS TO BE USED. ENTER 1 (ONE) IF 
INTERNATIONAL SYSTEM OF UNITS IS TO BE 
USED. 

ENTER TITLE, DATE, AND OTHER INFORMATION, 
IF DESIRED. 

ENTER NUMBER INCLUDING DECIMAL GIVING 
ABSOLUTE PRESSURE AT UPSTREAM POINT 
(POINT 1) (IN POUNDS PER SQUARE 
INCH OR KILOPASCALS). 

ENTER NUMBER INCLUDING DECIMAL GIVING 
ABSOLUTE PRESSURE AT DOWNSTREAM POINT 
(POINT 2) (IN POUNDS PER SQUARE 
INCH OR KILOPASCALS). 

ENTER NUMBER INCLUDING DECIMAL GIVING 
VELOCITY AT POINT 1 (IN FEET PER SECOND 
OR METERS PER SECOND). 

ENTER NUMBER INCLUDING DECIMAL GIVING 
VELOCITY AT POINT 2 (IN FEET PER SECOND 
OR METERS PER SECOND). 

ENTER NUMBER INCLUDING DECIMAL GIVING 
SPECIFIC (OR UNIT) WEIGHT AT POINT 1 (IN 
POUNDS PER CUBIC FOOT OR KILO- 
NEWTONS PER CUBIC METER). 

ENTER NUMBER INCLUDING DECIMAL GIVING 
SPECIFIC (OR UNIT) WEIGHT AT POINT 2 (IN 
POUNDS PER CUBIC FOOT OR KILO- 
NEWTONS PER CUBIC METER). 

ENTER NUMBER INCLUDING DECIMAL GIVING 
SPECIFIC HEAT RATIO. 

ENTER TYPE OF FLUID. 


********************************************************************** 
* * 

* NOTE WELL_EITHER THE PRESSURE AT POINT 1 (COLUMNS 1-10 ON * 

* CARD 2) OR AT POINT 2 (COLUMNS 11-20) OR THE VELOCITY AT POINT 1 * 

* (COLUMNS 21-30) OR AT POINT 2 (COLUMNS 31-40), WHICHEVER ONE IS * 

* TO BE DETERMINED BY THIS PROGRAM, SHOULD BE LEFT BLANK. IF * 

* EITHER THE PRESSURE OR THE VELOCITY AT POINT 1 IS BEING DETER- * 

* MINED, ENTER A VALUE FOR THE SPECIFIC (OR UNIT) WEIGHT OF THE * 

* FLUID AT POINT 2 (COLUMNS 51-60) AND LEAVE SPECIFIC (OR UNIT) * 

* WEIGHT OF THE FLUID AT POINT 1 (COLUMNS 41-50) BLANK. IF EITHER * 

* THE PRESSURE OR THE VELOCITY AT POINT 2 IS BEING DETERMINED, * 

* ENTER A VALUE FOR THE SPECIFIC (OR UNIT) WEIGHT OF THE FLUID AT * 

* POINT 1 (COLUMNS 41-50) AND LEAVE SPECIFIC (OR UNIT) WEIGHT OF * 

* THE FLUID AT POINT 2 (COLUMNS 51-60) BLANK. * 

* * 
**************************+*****************★************************* 


MULTIPLE DATA SETS FOR SOLVING ANY NUMBER OF PROBLEMS MAY BE 
INCLUDED FOR PROCESSING. 
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REAL K 

DIMENSION TITLE(13),FLUID(2) 

1 READ(5,100,END = 2)UNITS , TITLE 
100 FORMAT(II,13A6) 

WRITE(6,105)TITLE 

105 FORMAT('1',13A6,//) 

READ(5,102)P1,P2,V1,V2,SW1,SW2,K,FLUID 

102 FORMAT(7F10,0,2A5) 

G=32.2 

IF(UNITS.EQ.1)G=9.807 
PFACT=144.0 

IF(UNITS.EQ.1)PFACT=1.0 
IF(PI.LT.0.0001)GO TO 103 
IF(P2.LT.0.0001)GO TO 104 
IF(VI.LT.0.0001)GO TO 106 

V2=SQRT(2.0*G*P1*PFACT/SW1*K/(K-1.0)*(1.0-(P2/P1)**((K-l.0)/K) ) 
*+Vl**2) 

IF(UNITS.EQ.0)WRITE(6,107)PI,P2,V1,SW1,FLUID,V2 

107 FORMAT (IX,'GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED 

* CONDUIT',//5X,'PRESSURE AT POINT 1 =',F8.1,' PSI',//5X,'PRESSURE 
•AT POINT 2 =',F8.1,' PSI',//5X,'VELOCITY AT POINT 1 =',F7.1,' FT/S 
*',//5X,'SPECIFIC (OR UNIT) WEIGHT OF FLUID AT POINT 1 =',F8.3, 

* ' LB/CU FT',//5X,'FLUID FLOWING IS ‘ ,2A5, //IX, 'THE VELOCITY AT PO 
*INT 2 WILL BE',F7.1,' FT/S') 

IF (UNITS. BQ.1)WRITE(6,108)PI,P2,VI,SW1.FLUID,V2 

108 FORMAT( lx,'GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED 

* CONDUIT',//5X,'PRESSURE AT POINT 1 =',F8.1,' KPA',//5XPRESSURE 
♦AT POINT 2 =',F8.1,' KPA//5X,'VELOCITY AT POINT 1 =',F7.i,' M/S 
*',//5X,'SPECIFIC (OR UNIT) WEIGHT OF FLUID AT POINT 1 =',F8.3, 

*' KN/CU M ' ,//5X,'FLUID FLOWING IS ' , 2AS ,//IX,'THE VELOCITY AT PO 
*INT 2 WILL BE',F7.1,' M/S') 

GO TO 1 

103 PI=(((V2**2-V1**2)/2.0/G/(P2*PFACT)*SW2/K*(K-l.0)+1.0)*(P2*PFACT) 
***((K-l.0)/K))**(K/(K-1.0))/PFACT 

IF(UNITS.EQ.0)WRITE(6,109)P2,VI,V2.SW2,FLUID,PI 

109 FORMAT (IX,'GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED 

* CONDUIT',//5X,'PRESSURE AT POINT 2 »',F8.1,' PSI’,//5X,’VELOCITY 
*AT POINT 1 *',F7.1,' FT/S',//5X,'VELOCITY AT POINT 2 =’,F7.1,' FT/ 
•S',//5X,'SPECIFIC (OR UNIT) WEIGHT OF FLUID AT POINT 2 »',F8.3, 

* ' LB/CU FT',//5X,'FLUID FLOWING IS ',2A5,//IX'THE PRESSURE AT POI 
•NT 1 WILL BE ',F8.1,' PSI') 

IF(UNITS.EQ.1)WRITE(6,110)P2,VI,V2,SW2.FLUID,PI 

110 FORMAT (IX,'GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED 

* CONDUIT',//5X,'PRESSURE AT POINT 2 =',F8.1,' KPA’,//5X,'VELOCITY 
•AT POINT 1 =',F7.1,' M/S ',//SXVELOCITY AT POINT 2 =',F7.1,' M/S 

* ',//5X,'SPECIFIC (OR UNIT) WEIGHT OF FLUID AT POINT 2 =',F8.3, 

*' KN/CU M ',//5X,'FLUID FLOWING IS ',2A5,//IX'THE PRESSURE AT POI 
♦NT 1 WILL BE ',F8.1,' KPA') 

GO TO 1 

104 P2= ( (1.0- (V2**2-V1‘**2) /2.0/G/(PI*PFACT) *SW1 /K* (K-1.0) ) *(P1*PFACT) 
***((K-1.0I/K))**(K/(K-1.0))/PFACT 

IF(UNITS.EQ.0)WRITE(6,111)P1,V1,V2,SW1,FLUID,P2 

111 FORMAT (IX,'GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED 

* CONDUIT',//5X,'PRESSURE AT POINT 1 =',F8.1,' PSI',//5X,’VELOCITY 
•AT POINT 1 =',F7.1,' FT/S',//5X,'VELOCITY AT POINT 2 =',F7.1,’ FT/ 
•S’,//5X,'SPECIFIC (OR UNIT) WEIGHT OF FLUID AT POINT 1 =',F8.3, 

* ' LB/CU FT',//5X,'FLUID FLOWING IS ',2A5,//IX'THE PRESSURE AT POI 
•NT 2 WILL BE ',F8.1,' PSI') 

IF(UNITS.EQ.1)WRITE(6,112)P1,V1,V2,SW1,FLUID,P2 

112 FORMATdX,'GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED 

* CONDUIT',//5X,'PRESSURE AT POINT 1 *',F8.1,' KPA',//5X,'VELOCITY 
•AT POINT 1 =',F7.1,' M/S ’,//5X,'VELOCITY AT POINT 2 =',F7.1,' M/S 

* ',//5X,'SPECIFIC (OR UNIT) WEIGHT OF FLUID AT POINT 1 =',F8.3, 

*' KN/CU M ',//5X,'FLUID FLOWING IS ',2A5,//IX'THE PRESSURE AT POI 
•NT 2 WILL BE ',F8.1,' KPA') 

GO TO 1 

106 V1=SQRT(V2**2-2.0*G*P2*PFACT/SW2*K/(K-1.0)*((P1/P2)**((K-l.0)/K) 
*-1.0)) 

IF(UNITS.EQ.0)WRITE(6,113)PI,P2,V2,SW2,FLUID,VI 

113 FORMAT (IX,'GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED 

* CONDUIT',//5X,'PRESSURE AT POINT 1 =*,F8.1,' PSI',//5X,'PRESSURE 
•AT POINT 2 =',F8.1, 1 PSI',//5X,’VELOCITY AT POINT 2 =',F7.1,' FT/S 
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*',//5X,'SPECIFIC (OR UNIT) WEIGHT OF FLUID AT POINT 2 =',F8.3, 

* ' LB/CU FT',//5X,'FLUID FLOWING IS ' ,2A5,//IX, "THE VELOCITY AT PO 
*INT 1 WILL BE',F7.1,' FT/S') 

IF(UNITS.EQ.1)WRITE(6,114)PI,P2,V2,SW2,FLUID,VI 
114 FORMAT (IX,'GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED 

* CONDUIT' ,//5X, 1 PRESSURE AT POINT 1 =',F8.1,' KPA',//5X,'PRESSURE 
*AT POINT 2 =',F8.1,' KPA',//5X,'VELOCITY AT POINT 2 =',F7.1,' M/S 
*',//5X,'SPECIFIC (OR UNIT) WEIGHT OF FLUID AT POINT 2 =',F8.3, 

*' KN/CU M * ,//5X, 'FLUID FLOWING IS ' , 2A5,//IX , ' THE VELOCITY AT PO 
*INT 1 WILL BE',F7.1,' M/S') 

GO TO 1 
2 STOP 

END 


16.93 Solve Prob. 16.88 using the computer program of Prob. 16.92. 

f Input 

1 114 1111 t(41111llt4tlMir'lltlllia]l)41414Vll»M]iai4HllllPBI4«4l««44«4l««4l)MinU14ll)l!4MfMIWI)lll44l4ltfltl4NNnnHnfini»NI 

OSAMPLE ANALYSIS 0F COMPRESSIBLE TUN 

85.0 83.0 409.0 0.655 1.40 NITR0GEN 


Output 

SAMPLE ANALYSIS OF COMPRESSIBLE FLOW 


GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED CONDUIT 
PRESSURE AT POINT 1 = 85.0 PSI 

PRESSURE AT POINT 2 = 83.0 PSI 

VELOCITY AT POINT 1 = 409.0 FT/S 

SPECIFIC (OR UNIT) WEIGHT OF FLUID AT POINT 1 = 0.655 LB/CU FT 

FLUID FLOWING IS NITROGEN 
THE VELOCITY AT POINT 2 WILL BE 442.5 FT/S 

16.94 Solve Prob. 16.89 using the computer program of Prob. 16.92. 

f Input 

1SAMPLE ANALYSIS 0F COMPRESSIBLE FL#M 

350.0 30.5 150.0 0.028 1.40 AIR 

Output 

SAMPLE ANALYSIS OF COMPRESSIBLE FLOW 

GIVEN DATA FOR A COMPRESSIBLE FLOW IN A CIRCULAR CLOSED CONDUIT 
PRESSURE AT POINT 1 = 350.0 KPA 

VELOCITY AT POINT 1 = 30.5 M/S 

VELOCITY AT POINT 2 = 150.0 M/S 

SPECIFIC (OR UNIT) WEIGHT OF FLUID AT POINT 1 = 0.028 KN/CU M 

FLUID FLOWING IS AIR 


THE PRESSURE AT POINT 2 WILL BE 


320.2 KPA 
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16.95 Air at a pressure of 200 psia and a temperature of 140 °F expands in a suitable nozzle to 20 psia. (a) If the flow 
is frictionless and adiabatic and the initial velocity is negligible, find the final velocity. ( b ) Find the final 
temperature at the end of the expansion. 

I (<*) Vi = 0 Vl/2g = (RTJg)[k/(k - 1)][1 - Wp,)'*'"'*] 

Vl/2g = [(1715)(600)/32.2](1.4/0.4)[1 - (^)° 2 “°] V 2 = 1864 fps 

(i b) V\-V\ = 2 c p (r,-r 2 ) 1864 2 — 0 = 2(6000)(600 — T 2 ) T 2 = 310 °R = -150°F 

16.96 Derive the equation for isentropic flow: {V\ - V\)l2g = (p,/y,)[fc/(* - 1)][1 - (p 2 /p,) (k ~' ),k ] by integrating the 
Euler equation. 

f Euler equation: dply + (V dV)/g = 0 (1) 

pv k = constant = plp k because v = 1/p; so p/y k = C: 

p = Cy k : dp = Cky k ~ l dy (2) 

Substitute (2) into (I) and integrate: Cky k ~ 2 dy + (1 /g)VdV = 0. 

r Cky k -' Y* \V 2 Y 2 _ 0 V 2 2-Vi _ k t P y_ k ( Pl p 2 \ 

L * — 1 J y] Y2g J Vl 2 g * — 1 LyJ 2 fc-l\yi yj 

Note that pjy, -p 2 /y 2 = p 1 /y,[l - (p 2 /y 2 )/(pi/yi)] where y 1 = ( VC)p\ ik and y 2 = (1/C)p 2 *, p 2 yJPiY 2 = 
(Pi" (1 '* ) )/(P}“ (,, * ) ) = (pM k ~ yk - Thus (V 2 - V?)/2g = ( pjy,)[kl(k - 1)][1 - (p 2 / Pl Y k m ] Q.E.D. 

16.517 Carbon dioxide flows isentropically. At a point in the flow the, velocity is 45 fps and the temperature is 120 °F. 

At a second point on the same streamline the temperature is 80 °F. What is the velocity at the second point? 

f For carbon dioxide: k = 1.28; R = 1123 ft-lb/(slug-°R). Flow is isentropic, therefore adiabatic. V\ — V\ = 

[2k/(k - lWRF.Hl - (T 2 /T t )], V\ - 45 2 = [2(1.28)/0.28](U23)(460 + 120)[1 - (460 + 80)/(460 + 120)]; 

V 2 = 642 fps. Check to see if sonic velocity is exceeded: c = ( kRT) u2 = [1.28(1123)(460 + 80)] 1/2 = 881 fps. 

Since V 2 < c, flow is subsonic, V 2 = 642 fps is correct. 

16.98 Refer to Prob. 16.97. If the pressure at the first point were 20 psi, determine the pressure and temperature on 
the nose of a streamlined object placed in the flow at that point. 

I p 0 = po/RT„ = (20)(144)/(1123)(580) = 0.00442 slug/ft 3 c = (kRT ,)' 12 = [1.29(1123)(580)] 1/2 = 917 fps 

N M = V/c = $7 = 0.0491 p,=p n + p 0 (V 2 J2)(l + 7VL/4)(t^) = 20.0 psia (c p /g)7’, + V 2 J2g = ( c p /g)T 2 

(5132/32.2)(580) + (45 2 /64.4) = (5132/32.2 )T S T s = 580 °R = 120 °F 

Temperature increase is negligible. 

16.99 From the equation s 2 — = c v In [(7 2 /7i)(p,/p 2 )* -1 ] and the perfect gas law, derive the equation of state for 

isentropic flow. 

f Since s 2 — s, = c v = 0 for isentropic flow, 

In [{TJT l )(pJp 2 ) k '1 = 0 (7yr,)(p,/p 2 ) 1_ * = 1 T 2 /T, = (p 2 /p 2 )/(pi/p,) (from perfect gas law) 

Eliminating T’s, p 2 /p 2 = p<lp k - 

16.100 Compute the enthalpy change per slug for helium from T, = 0 °F, p y = 15 psia to T 2 = 140 °F in an isentropic 
process [c p = 1.25 Btu/(lbm-°R)]. 

I H = mc p AT = (1)[(1.25)(32.17)](140 - 0) = 5630 Btu 

16.101 Isentropic flow of air occurs at a section of a pipe where p = 50 psia, T = 100 °F, and V = 540 ft/s. An object is 
immersed in the flow, which brings the velocity to zero. What are the temperature and pressure at the 
stagnation point? 

I V 2 /2 = [kR/(k-\)]{T n -T) 540 2 /2 = [(1.40)(1716)/(1.40—1)][7' o —(100 + 460)] 7' 0 = 584°R or 124°F 

r 2 /T, = (p 2 l Pi y kiyk 584/(100 + 460) = (p 2 /50) <t4O -‘ )/140 p 2 = 57.9 psia 

16.102 What is the Mach number for Prob. 16.101? 
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I N m = V/y/kRT = 540/V(1.40)(1716)(100 + 460) = 0.466 J 

16.103 How do the temperature and the pressure at the stagnation point in isentropic flow compare with reservoir 
conditions? 

f They are the same. 

16.104 Air flows isentropically from a reservoir at 80 °C, 6 atm. Calculate the temperature, pressure, density, and 
velocity at a section where N M = 0.65. 

f T 0 /T = l + [(k-l)/2]N 2 M (273 + 80)/T = 1 + [(1.40 - l)/2](0.65) 2 T = 325 K or 52°C 

pjp = (1 + [(k - 1)/2]A^}* ,< *- 1) (6)(101.310)/p = (1 + [(1.40 - l)/2](0.65) 2 } 1 40/(1 40 ” I) 

p = 458 kPa p = p/RT = 458 000/[(287)(325)] = 4.91 kg/m 3 
c = VkRT = V(1.40)(287)(325) = 361 m/s V = cN M = (361)(0.65) = 235 m/s 

16.105 Oxygen flows from a reservoir where p 0 = 110 psia, T„ = 100 °F, to a 6-in-diameter section where the velocity is 
500 fps. Calculate the mass rate of flow (isentropic) and the Mach number, pressure, and temperature in the 
6-in section. 

f T=T 0 -[{k- l)/2 kR]V 2 = (100 + 460) - [(1.40 - 1)/(2)(1.40)(1554)](500) 2 = 537 °R or 77 °F 

N m = V/VkRT = 500/V(1.40)(1554)(537) = 0.463 rii = pAV 
Po = p 0 /RT 0 = (110)(144)/[(1554)(100 + 460)] = 0.01820 slug/ft 3 
pjp = {1 + [(k - l)/2\N 2 M } y(kl) 0.01820/p = (1 + [(1.40 - 1)/2](0.463) 2 } 1/(14 °- 1) p = 0.01639 slug/ft 3 

m = 0.01639[(jr)(n) 2 /4](500) = 1.61 slugs/s 
p = pRT = (0.01639)(1554)(537) = 13 677 lb/ft 2 or 95.0 lb/in 2 

16.106 Air flows adiabatically through a duct. At point 1 the velocity is 800 ft/s, 7", = 500 °R, and 

Pi = 25 lb/in 2 abs = 3600 lb/ft 2 . Compute (a) T 0 ; ( b ) p m ; ( c ) p 0 ; (d) N M ; (e) V mm ; if) V*. At point 2 further 
downstream V 2 = 962 ft/s, and p 2 = 2850 lb/ft 2 , (g) What is the stagnation pressure pm ? 

f For air take k = 1.4, c p = 6010, and R = \1\1 (BG units). With V t and 7) known, we can compute T 0 without 
using ratios. 

(«) T m = Ti + [\iV t yic p \ = 500 + [|(800) 2 /6010] = 553 °R 

Then compute N M from the known ratio T/T 0 , using (N M ) 2 = 5[(7’ 0 /7') - 1]: 
id) (N M fi = 5(li - 1) (N M )i = 0.73 

The stagnation pressure follows: 

(b) poi = Pi[l + 0.2(7V m )?] 3 - 5 = 3600[1 + 0.2(0.73) 2 ] 3 5 = 5130 lb/ft 2 

We need the density before we can compute stagnation density: p x = pfRT x = 3600/[1717(500)] = 

0.00419 slug/ft 3 . Then 

(c) Po = Pl [\ + 0.2(A W ) 2 ] 25 = 0.00419[1 + 0.2(0.73) 2 ] 2 5 = 0.00540 slug/ft 3 

However, if we were clever, we could compute p 0 directly from p 0 and T 0 : p 0 = p 0 /RT 0 = 5130/[1717(553)] = 
0.00540 slug/ft 3 . The maximum velocity follows: 

(e) K.ax = (2c p T 0 ) 1/2 = [2(6010)(553)] 1/2 = 2580 ft/s 
and the sonic velocity from V* = {[2k/(k + 1)]RT 0 } 1/2 : 

(f) V* = {[2(1.4)/(1.4 + 1)](1717)(553)} 1/2 = 1050 ft/s 

At point 2, the temperature is not given, but since we know it is adiabatic flow, 7^ = T 01 — 553 °R from solution 
(a). Thus we can compute T 2 from T 2 =T m - (\V\/c p ) = 553 - [j(962) 2 /6010] = 476 °R (Trying to find T 2 from 
the Mach-number relations is a frustratingly laborious procedure.) The speed of sound a 2 thus equals 
(kRT 2 ) 112 ~ 49(476) 1/2 = 1069 ft/s, whence the Mach number (N M ) 2 = V 2 la 2 = ^§5 = 0.90. Finally compute 

( g ) P02 = p 2 [l + 0.2(7V M ) 2 ] 3 5 = 28.50[1 + 0.2(0.9) 2 ] 3 5 = 4820 lb/ft 2 (6 percent less than p m ) 

16.107 Air flows isentropically through a duct. At section 1 the area is 1 ft 2 and V x = 600 ft/s, p x = 12 000 lb/ft 2 , and 
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7] = 850 °R. Compute (a) T 0 , ( 6 ) (N M ) U (c) p 0 , and (d) A*. If A 2 = 0.75 ft 2 , compute (N M ) 2 and p 2 if V 2 is 
(e) subsonic or (/) supersonic. 

f With Vi and 7i known, the energy equation gives 

(a) T 0 = 7] + (Vl/2c p ) = 850 + [(600) 2 /2(6010)] = 880 °R 
The sound speed a x = 49(850) 1/2 = 1429 ft/s; hence 

(b) (N M ) 1 = VJa 1 = M> = 0.42 
With (N M ) l known p 0 lpi = [1 + 0.2(iV M )?] 3 - 5 = 1.129. Hence 

(c) p 0 = 1.129p t = 1.129(12 000) = 13 550 lb/ft 2 

Similarly, from A/A* = (l/N M )[(l + 0.2Afo) 3 /1.728], AJA* = [1 + 0.2(0.42) 2 ] 3 /f1.728(0.42)] = 1.529. Hence 

(d) >1* = 1/1.529 = 0.654 ft 2 

This throat must actually be present in the duct to expand the subsonic ( N M \ to supersonic flow downstream. 

Given A 2 = 0.75 ft 2 , we can compute AJA* = 0.75/0.654 = 1.147. For subsonic flow, use N M = 1 — 

0 . 88 [ln (4M*)f 45 : 

(e) (N m ) 2 = 1 — 0.88(ln 1.147) 045 = 0.64 whence p 2 =Po/[l+ 0.2(0.64) 2 ] 3 5 = 13 550/1.317 = 10 300 lb/ft 2 



p* = 7160 lb/ft 2 

-h 

Sonic 
throat 

Fig. 16-4 

For case ( e ) there is no sonic throat; i.e., the duct area has not decreased sufficiently to create supersonic 
flow. It may possibly do this further downstream, as illustrated in Fig. 16-4. If, on the other hand, the flow at 
section 2 is supersonic, we use N M = 1 + 1.2[(AM*) - 1] 1/2 : 

(/) (N m ) 2 » 1 +1.2(1.147 - 1 ) 1/2 =1.46 whence p 2 = 13 550/[l + 0.2(1.46) 2 ] 3 5 = 13 550/3.46 = 3910 lb/ft 2 

These answers are accurate within less than 1 percent. Note that the supersonic-flow pressure level is much less 
than the subsonic-flow condition at section 2 for the same duct area, and a sonic throat (A* = 0.654 ft 2 ) must 
have occurred between sections 1 and 2 . 

16.108 It is desired to expand air from p 0 = 200 kPa and T 0 = 500 K through a throat to an exit Mach number of 2.5. 

If the desired mass flow is 3 kg/s, compute (a) the throat area and the exit ( b ) pressure, (c) temperature, 

(<f) velocity, and (e) area, assuming isentropic flow, with k - 1.4. 

f (a) The throat area follows from the following equation, because the throat flow must be sonic to produce a 
supersonic exit: A* = [m(Rr o ) 1 ' 2 ]/(0.6847p o ) = (3.0[287(500)] 1/2 }/[0.6847(200 000)] = 0.00830 m 2 = \nD* 2 or 
Ahroat = 10.3 cm. With the exit Mach number known, the isentropic-flow relations give pressure and 
temperature: 

( 6 ) p e = p 0 /[l + 0.2(2.5 ) 2 ] 35 = 200/17.08 = 11.70 kPa 

(c) T, = T 0 /[l + 0.2(2.5) 2 ] = 500/2.25 = 222 K 

(*/) The exit velocity follows from the known Mach number and temperature V r = ( N M ) e (kRT r ) 1/2 = 
2.5[1.4(287)(222)] 1/2 = 747 m/s. 

(e) The exit area follows from the known throat area and exit Mach number and A/A* = (1 /jV m )[(1 + 
0.2A^) 3 /1.728]: AJA* = [1 + 0.2(2.5) 2 ] 3 /[1.728(2.5)] = 2.64 or A c = 2.64,4* = 2.64(0.0083) = 0.0219 m 2 = i nD\. 
A = 16.7 cm. 


p t = 12,000 lb/ft 2 p 2 = 10,300 lb/ft 2 

r' 

Hypothetical 
duct extension 

Subsonic everywhere 
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16.109 A flow of air ( c„ = 1005 J/kg • K, k = 1.40) has V = 850 m/s, p = 130 kPa, and T = 180 °C. Compute the 
pressure and temperature of the air if brought isentropically to rest. 

I T„=T + V 2 /2c p = (180 + 273) + 850 2 /[(2)(1005)] = 812 K or 539 °C 

p„ = (p)(T 0 /T) k/ik - l) = 130(812/(180 + 273)]* 40,(140_1> = 1002 kPa 

16.110 Rework Prob. 16.108 for argon (c p = 518 J/kg ■ K, k = 1.67). 

I T„=T+V 2 /2c„ = (180 + 273) + 850 2 /[(2)(518)] = 1150 K or 877 °C 

p 0 = (p)(r 0 /r)* /( ' c - ,) = (130)[1150/(180 + 273)] 167/(167 - ,) = 1326 kPa 

16.111 Rework Prob. 16.108 for steam. 

f h 0 = h + F 2 /2. From the steam tables, at 130 kPa and 180 °C, h = 2834.6 kJ/kg and s = 7.6705 kJ/kg • K: 
h 0 = 2835 + (85072)/1000 = 3196 kJ/kg, s a = 7.695 kJ/kg • K. From the steam tables, T 0 = 360 °C and 
p 0 = 480 kPa. 

16.112 Compute the frontal stagnation temperature of an airplane flying at N M = 2.0 at 8000 m altitude. At what Mach 
number would it fly to have a frontal stagnation temperature of 380 °C? 

I T = 273 - 36.9 = 236.1 K (from Table A- 8 ) 

T 0 =T{ 1 + [(k - l)/2]( N m ) 2 } = 236.1{1 + [(1.40- l)/2](2.0) 2 } = 425 K or 152°C 
(380 + 273) = 236.1(1 + [(1.40 - T)l2](N M f) N M = 2.97 

16.113 Air ( c p = 1005 J/kg • K) flows at V = 280 m/s, p = 100 kPa, and T = 160 °C. Compute the maximum velocity 
attainable by adiabatic expansion of this flow. 

I T„=T+ V 2 /2c„ = (160 + 273) + 280 2 /[(2)(1005)] = 472K V m „ = (2c„7i ) 1/2 = [(2)(1005)(472)] ,/2 = 974m/s 

16.114 Rework Prob. 16.113 for helium (c p = 5224 J/kg • K). 

I?;=T+ V 2 /2c p = (160 + 273) + 280 z /[(2)(5224)] = 441K V max = (2c p T 0 ) m = [(2)(5224)(441)] 1/2 = 2147m/s 

16.115 Air expands isentropically through a duct from p t = 120 kPa and T, = 110 °C to p 2 = 75 kPa and V 2 = 325 m/s. 
Compute (a) T 2 , (b) {N M ) 2 , (c) T 0 , (d) p 0 , (e) V,. 


I (a) T 2 = (Ti)(p 2 /p t y k ~' Vk = (110 + 273)(-^®) <1 ' 40 “ 1) '' , ' 4 ° = 335 K 

( 6 ) N m = V/c c = VkRT c 2 = V(1.40)(287)(335) = 367 m/s (iV M ) 2 = if = 0.886 
(c) (To), = (To), = (T 2 )(l + [(k - 1)/2](N m ) 2 2 } T 0 = 335(1 + [(1.40 - l)/2](0.886) 2 } = 388 K 

00 (Po)« = (Po )2 = (p 2 )(l + [(* - 1)/2](1 V m )I}‘ /( *- 1 > 

p 0 = 75(1 + [(1.40 - l)/2](0.886) 2 }' 40/(1 40 " 1) = 125 kPa 

c t) T n =T + V 2 /2c p 388 = (110 + 273) + V(/[(2)(1005)] V, = l(X)m/s 


16.116 Air flows isentropically in a duct. At section 1, (N M ), — 0*8, T, = 250 °C, and p, = 280 kPa. At section 2, 

(AWz = 3.0. Compute (a) (p n ) 2 , (b) p 2 , and (c) T 2 . 

I («) (Poh = (Po). = (Pi)(l + [(* - l)/2](AW?}* /( ‘- ,) = 280(1 + [(1.40 - l)/2](0.8) 2 }> 40/(1 40_1) = 427 kPa 
(6) Pz = (Po) 2 /(l + [(* ~ 1)/2](A1 m ) 2 2 }* /( *- 1 > = 427/(1 + [(1.40 - l)/2](3.0) 2 }’ 40/(14 ° ,) = 11.6 kPa 
(O (T 0 ) 2 = (T 0 ), = (7-,){l + [(fc - 1)/2](A„) 2 } = (250 + 273){1 + [(1.40 - l)/2](0.8) 2 } = 590 K 
T 2 = (r„) 2 /(l + [(k - 1)/2](A M ) 2 2 } = 590/(1 + [(1.40 - 4)/2](3.0) 2 } = 211 K 

16.117 Show that for isentropic flow of a perfect gas, if a pitot-static probe measures p 0 , p, and T 0 , the gas velocity can 
be calculated from V 2 = 2c p T (i [\ - (p/p 0 ) ( *“ iv *]. What would be a source of error if a shock wave is formed in 
front of the probe? 

f T = (T 0 )(p/p 0 Y k ~ m =T 0 - V 2 /2c p . Solving for V 2 gives V 2 = 2c p T n [\ - (p/po) <t ~ 1) '*]- If a shock wave is 
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16.118 


16.119 


formed (i.e., if V is supersonic), the probe measures (p 0 )2 inside the shock wave, which is less than stream 
stagnation pressure (p 0 ) x . 


At the exit of a nozzle flow, the air temperature is 60 °C and the velocity is 355 m/s. Find the Mach number and 
stagnation temperature there. If the flow is adiabatic, what is the Mach number upstream, where T = 120 °C? 

f N m = V/c c=VkRT c 2 = V(1.40)(287)(60 + 273) = 366 m/s 

(N m ) 2 = 355/366 = 0.97 (T„) 2 =T 2 + V\/2c p = (60 + 273) + 355 2 /[(2)(1005)] = 396 K 

r„/7) = 1 + [(fc - 1 )/ 2 ](AM? 396/(120 + 273) = 1 + [(1.40 - 1 )/ 2 ](A M )J {N M ) X = 0.195 

The compressed-air tank in Fig. 16-5 exhausts from a nozzle at 240 m/s. Assuming isentropic flow, compute the 
pressure in the tank and in the atmosphere. What is the exit Mach number? 



240 m/s 


300 mm 


Mercury 


Fig. 16-5 


f 


N " = Vic c = VkRT T 0 = r exi , + VlJ2c p (27 + 273) = T CXI , + 240 2 /[(2)(1005)[ 

Ce*i, = VO40)(287)(271) = 330 m/s (N„) exil = M = 0.727 
Fexit = (Po)/{l + [(k - l)/2](/V M ) 2 xi ,}* /( *~ 1> PolPcxit = {1 + [(1.40 - l)/2)(0.727) 2 } 14 "'" 4 °- ,) 


= 271K 


= 1.421 


Since p Hg » p„, we can simply take p« = 1.5 kg/m 3 . p„ -p„ it = (p Hg - Po )gh = (13 600 - 1.5)(9.807)(0.300) = 
40 kPa. Then p 0 /p exit - 1 = 1.421 - 1 = (p 0 - p^)/p^ = 40/p Mi „ p cxit = 95 kPa, p 0 = p tank = 135 kPa. 


16.120 Air flows adiabatically through a duct. At one section, V, = 420 fps, T, = 210 °F, andp, = 35 psia, while farther 
downstream V 2 = 1000 fps and p 2 = 18 psia. Compute (a) (N M ) 2 , ( b) t/ max , and (c) (p 0 ) 2 /(Po),- 

I («) ( N m ) 2 =VJc 2 c 2 = VkRT 2 T 2 = (T 0 ) 2 -Vl/2c p (T u ) 2 = (TO, = T, + V 2 J2c p 

(T 0 ) 2 = (210 + 460) + 4207[(2)(6010)[ = 685 °R T 2 = 685 - 1000 2 /[(2)(6010)[ = 602 °R 
c 2 = V(1.40)(1716)(602) = 1203 ft/s (N M ) 2 = = 0.831 

(*) f/max = V2 c p To = V(2)(6010)(685) = 2869 ft/s 

(«) (Pn) = (p){[l + (k - l)/2](N M ) 2 } k,(k ~" (N M ) t = VjVkRTt = 420/V(1.40)(1716)(210 + 460) = 0.331 
(Po), = 35{1 + [(1.40 - 1)/2](0.331) 2 }' W<1 *’-*> = 37.76 psia 
(p«) 2 = 18(1 + [(1.40 - l)/2](0.831) 2 } 140,<I ‘ I0 “ 1> = 28.31 psia 
(Po) 2 /(Po)i = 28.31/37.76 = 0.75 


16.121 Air flows isentropically from a reservoir, where p = 320 kPa and T = 490 K, to section 1 in a duct where 
A, = 0.2 m and V t = 600 m/s. Compute (a) T t , ( 6 ) (N u ) u (c) p„ and (d) m. 

I (a) T x — T 0 — Vi/2c p = 490 — 600 2 /[(2)(1005)] = 311 K 

(b) N m = V/c c = VkRT c, = V(1.40)(287)(311) = 353 m/s (N M ), = = 1.70 

(c) p. =P«/{1 + [(/: - l)/2](/V M )f}* /( *“ ,) = 320/(1 + [(1.40 - 1)/2](1.70) 2 }' 40/(14 °- ,) = 64.8 kPa 

(d) P=P/RT p, = (64.8)/[(0.287)(311)] = 0.726 kg/m 3 

m = Pi A, F, = (0.726)(0.2)(600) = 87.1 kg/s 
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16.122 Repeat Prob. 16.121 for argon (k = 1.67, R = 0.208kJ/kg • K, c p = 0.519 kJ/kg • K). 

I (a) 7) = T 0 - V\/2c„ = 490 - 600 2 /[(2)(519)] = 143 K 

(b) N m =V/c c = VkRf c , = V(1.67)(208)(143) = 223 m/s (N M ), = fg = 2.69 

(c) p , = Po /{ 1 + [(A - 1)/2](A/ M )?}*' ( *~ ,) = 320/{l + [(1.67 - l)/2](2.69) 2 }' 67,(16? -» = 14.9 kPa 

(d) p = p/RT p, = (14.9)/[(0.208)(143)] = 0.501 kg/m 3 

m = PiAM = (0.501)(0.2)(600) = 60.1 kg/s 

16.123 Sketch a passage which will (a) increase the pressure in a subsonic flow isentropically, ( b ) increase the pressure 
in a supersonic flow isentropically, (c) increase the Mach number in a supersonic flow isentropically, 

(d) decrease the Mach number in a subsonic flow isentropically. 

f See Fig. 16-6. 

b. 



16.124 Air at 28 °C flows from a large tank through a convergent nozzle, which has an exit diameter of 10 mm. 

Discharge is to the atmosphere where atmospheric pressure is 96.5 kPa. Air pressure inside the tank is 40.0 kPa 
gage. What is the weight flow rate of air through the nozzle? 

I (P2/Pi) c = [2/(* + 1)F ,( ‘ _1) = [2/(1.40 +1)] 1 "' 1 - 40 - 1 * = 0.5283 

p 2 = atmospheric pressure = 96.5 kPa (absolute) p x = 40 + 96.5 = 136.5 kPa (absolute) 

p'Jp x = 96.5/136.5 = 0.7070 


Since the value of the ratio p' 2 lp x of 0.7070 is greater than the value of the critical pressure ratio of 0.5283, flow 
through the nozzle will be subsonic and 


G = A 2 \/[2gkK,k - l)]p 1 y 1 [(p 2 /pi) 2/ * - (p 2 /PiY k+m ] A 2 = (jr)(0.010) 2 /4 = 0.00007854 m 2 
y=plRT y, = 136.5/[(29.3)(28 4- 273)] = 0.01548 kN/m 3 p 2 = p' 2 = 96.5 kN/m 2 


G = (0.00007854) V^^ 7 ^ 140 -( 136 - 5 K°- 01548 )[(^ 


r/ 96.5 \ 2/140 

/ 96.5 <0-1 

'1x136.5/ 

\136.5/ J 


= 0.000227 kN/s or 0.227 N/s 


16.125 Air at 75 °F flows from a large tank through a convergent nozzle, which has an exit diameter of 1.5 in. The 
discharge is to the atmosphere, where atmospheric pressure is 14.0 psia. Air pressure inside the tank is 
25.0 psig. What is the weight flow rate of air through the nozzle? 

f (p 2 /Pi) c = 0.5283 (as determined for air in Prob. 16.124) 

p' 2 = 14.0 psia pi = 25.0+ 14.0 = 39.0 psia P'JP\ — 14.0/39.0 = 0.3590 

Since the value of the ratio p 2 /pi of 0.3590 is less than the value of the critical pressure ratio of 0.5283, flow 
through the nozzle will be sonic. However, the values substituted into the equation below for p x must be the 
pressure that makes the ratio p 2 /pi equal to the critical pressure ratio (p 2 /pi) c - 

G = {A 2 pJ^/Ti)yJ{gklR)]2l{k + i)](* +I >'<*-» a 2 = (jt)( 1.5) 2 /4 = 1.767 in 2 = 0.01227 ft 2 
Pi = pU(p 2 /Pi)c = 14.0/0.5283 = 26.5 psia 7) = 75° + 460 = 535 °R 
G = {(0.01227){(26.5)(144)]/V535}V[(32.2)(1.40)/53.3][2/(1.40 + l)] <14O+,),(14O - 1) = 1.08 lb/s 

16.126 Air at 308 °C flows from a large tank through a convergent nozzle, which has an exit diameter of 20 mm. 
Discharge is to the atmosphere where atmospheric pressure is 95.0 kPa. Air pressure inside the tank is 50.0kPa 
gage. What is the weight flow of air through the nozzle? 
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f (Pz/PiX = [21 (k + l)]*'^ = [2/(1.40 + 1 )]‘ 40,(1 “O” 1 ) = 0.5283 p' 2 = 95.0 kPa 

p, = 50 + 95.0 = 145.0 kPa p^/p, = 95.0/145.0 = 0.6522 
Since [p' 2 lp\ = 0.6552] > [(p 2 /pi) c = 0.5283], the flow through the nozzle will be subsonic: 

G =A 2 yJ[{2gk)l(k - l)](p 1 y 1 )[(P2/p.) 2/t - (p 2 /pi) ( * +1)/ *'] 

A 2 = (;r)(0.02) 2 /4 = 0.0003142 m 2 y-p/RT 
y t = 145.0/[(29.3)(30 + 273)] = 0.01633 kN/m 3 p 2 =p' 2 = 95.0 kN/m 2 
G = 0.0003142V[(2)(9.807)(1.40)/(1.40 - 1)](145)(0.01633)(95.0/145.0) 2/140 - (95.0/145.0)° 40+1V140 ] 
= 0.00100 kN/s= 1.00 N/s 


16.127 Air at 60 °F flows from a large tank through a convergent nozzle, which has an exit diameter of 1.0 in. The 
discharge is to the atmosphere, where atmospheric pressure is 14.5 psia. Air pressure inside the tank is 
30.0 psig. What is the weight flow rate of air through the nozzle? 

f From Prob. 16.126, (p 2 /pi) c — 0.5283, p' 2 = 14.5 psia,p 3 = 30.0 + 14.5 = 44.5 psia, p' 2 lp\ = 14.5/44.5 = 
0.3258. Since [p' 2 ipx = 0.3258] < [(p 2 /pi) c = 0.5283], the flow through the nozzle will be sonic. 

G = [A 2 p I /VT l Y^(gklR)[2/(k + i)]<*+»v(*-«) A = (; r )(£) 2 /4 = 0.005454 ft 2 
Pi = p'JipJp^c = 14 . 5 / 0.5283 = 27.45 psia T t = 60 + 460 = 520 °R 
G = [( 0 . 005454 )( 27 . 45 )( 144 )/ V 520 ] V [( 32 . 2 )( 1 . 40 )/ 53 . 3 ][ 2 /( 1 . 40 + l )] (,4O+,)/(14O - ,) = 0.503 lb/s 


16.128 Air at 80 °F flows from a large tank through a converging nozzle of 2.0-in exit diameter. The discharge is to an 
atmospheric pressure of 13.5 psia. Determine the flow through the nozzle for pressures within the tank of 5, 10, 
15, and 20 psig. Assume isentropic conditions. Plot G as a function of p t . Assume that the temperature within 
the tank is 80 °F in all cases. 


f From Prob. 16.126 the critical pressure ratio for air is ( p 2 /pi) c = 0.528. If the flow at the throat is subsonic, 
P2/P1 > (p 2 /Pi)c- Thus for subsonic flow at the throat, p 2 /pi > 0.528 and p, = p 2 . So p,/p, > 0.528 and 
Pi <p 3 /0.528. 

Since p 3 = 13.5 psia, the flow at the throat will be subsonic if pj < 25.6 psia (12.1 psig) and sonic if 
Pi > 25.6 psia (12.1 psig). 

To find the flow rate for conditions where p 1 < 12.1 psig (subsonic flow at throat), we use 


G = AM2g)[k/(k - l)]p I y 1 [(p 2 /p,r - (p 2 /pO ( * +l)/ 1 


Substituting the appropriate value of p 1 into the equation and noting that for this condition p 2 =p 3 = 

13.5 psia, we get: for p x = 5 psig (18.5 psia); G = 1.20 lb/s; for p x = 10 psig (23.5 psia), G = 1.69 lb/s. To find the 
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flow rate for conditions where p x > 12.1 psig (sonic flow at the throat) we use 

G' = g {A 2 pJ\fT x )\J(klR)[2Kk + i)](*+‘H*-» (2) 

We get: for p, = 15 psig (28.5 psia), G' = 2.04 lb/s; for p x = 20 psig (33.5 psia), G' = 2.40 lb/s. Substituting 
p, = 25.6 psia in Eq. (1) for subsonic flow gives G = 1.84 lb/s as does Eq. (2). This is the threshold point at 
which the flow in the throat changes from subsonic to so nic. When p, — 25.6 ps ia the flow rate as found from 
Eq. (2) is = [32.2(0.0218)(144)(25.6)]/V540V(1.4/1715)(2/2.4) 2 4A, ‘ 4 = 1.84 lb/s. As p x is increased 

beyond 12.1 psig, sonic flow prevails at the throat and the flow rate increases linearly with (pi) abs as indicated by 
Eq. (2). The variation of the flow rate with p x is shown in Fig. 16-7. Other information concerning various 
aspects of this problem can be found by applying the gas law (pv = RT or y = gp/RT ), the equation of state 
(pv k = constant or p!y k - constant), continuity (G -yAV), and the energy equation. Applying these, for 
example, for the case where p x = 5 psig (18.5 psia) yields y x = 0.093 lb/ft 3 , y 2 = 0.0743 lb/ft 3 , V 2 = 740fps, 

T 2 = 491 °R, and p 2 = 13.5 psia. Note that in this case p 2 = p 3 . 

16.129 Refer to Prob. 16.128. If the pressure in the tank is 5 psig, find G, p 2 , and T 2 . 

I Air pi = 5 psig pi = 5+ p atmot = 5 + 13.5 = 18.50 psia 

y, = gpJRT x = (32.2)(18.50)(144)/[(17715)(540)] = 0.0926 lb/ft 3 
PilPi = 14.5/18.5 = 0.730 > 0.528 = (p 2 /p t ) c so G = A 2 y/2g[k/(k - l)]p 1 y,[(p 2 /p 1 ) 2 '* - (p 2 /p,) ( * +1)/ *] 

= (^/4)(t 2 ) 2 V64.4(1.4/0.4)[(18.5)(144)(0.0926)][(13.5/18.5) 2/14 - (13.5/18.5) 2 4/14 ] 

= 1.204 Ib/s. 

Vl/2g = (p 2 /y 2 )[k/(k - l)]((p 1 /p 2 ) < *“ iv * - 1] (1) 

G = y 2 A 2 V 2 (2) 

y2=gp2/RT 2 (3) 

Pxlf\=P7}-& M 

From (2) 

y 2 = G/A 2 V 2 = 1.204/(0.0218V 2 ) = 55.0/F 2 (5) 

From (4) p 2 = p,(y$/yt) = [(18.5)(144)][y*/(0.0926)‘ 4 ] = (2660y£)/0.0357 = 74 500y*. Substitute for y 2 from 
(5): p 2 = 74 500(55/Vy' 4 = 20.4 x 10 6 /V^ 4 . From (4): pjp 2 = (y,/y 2 ) 14 = [0.0926/(55/V 2 )] 14 = 0.0001308 V' 2 \ 
Substitute into (1): 

Vj = (64.4)[(20.4 x 10 6 )(1.4/0.4)/(F| 4 )(55/V 2 )][0.0001308^ 4 ) a4/I ' 4 - 1] 

Vi 4 = (83.6 x 10 6 )[0.0777V 2 4 - 1]; by T and E, V 2 = 741 fps. From (2): y 2 = G/A 2 V 2 = 1.204/(0.0218)(741) = 
0.0745 lb/ft 3 . From (4): p 2 = (18.5)'[(0.0742)‘ 4 /(0.0926) 1 ' 4 ] = 13.57 psia. From (3): T 2 = gp 2 /Ry 2 = 
(32.2)(13.57)(144)/[(1715)(0.0742)] = 492 °R. 

16.130 Air discharges from a tank through a converging-diverging nozzle with a 2.0-in-diameter throat. Within the tank 
the pressure is 50 psia and the temperature is 80 °F, while outside the tank the pressure is 13.5 psia. The nozzle 
is to operate with supersonic flow throughout its diverging section with a 13.5-psia pressure at its outlet. Find 
the required diameter of the nozzle outlet. Determine the flow rate and the velocities and temperatures at 
sections 2 and 3. Assume isentropic flow. 

f The pressure at the throat must be such that sonic velocity will occur there. Hence p 2 =p c = 0.528pi = 

26.4 psia. 

The velocity at the outlet may be found from V\/2g = ( RT x /g)[k/(k - 1)][1 - (p 3 /pi) ( * _1)/ *] = 
[(1715)(540)/32.2](1.4/0.4)[1 — (13.5/50)° 4/14 ] = 31 400 ft, V 3 = 1420 fps. The flow ra te is computed from 
G = (gA 2 p l l\/T l )\/{klR)[2l(k + l)]<*+w*-i), G' = [(32.2)(0.0218)(50)(144)/V540]V(1.4/1715)(2/2.4) 24A,4 = 
3.58lb/s. The temperature at 3 may be determined by using V\-V\ = 2c p (T x - T 2 ), (1420) 2 = 2(6000)(540- 
r 3 ), T 3 = 372 °R = -88 °F. From the perfect-gas law p 3 /y 3 = RTJg. y 3 = (32.2)(13.5)(144)/[(1715)(372)] = 

0.098 lb/ft 3 . Isentropic flow between 2 and 3 may be assumed, since the shock wave does not occur within that 
region. Thusp 2 /y 2 4 = p 3 /y 3 4 . 26.4/y 2 4 = 13.5/(0.098)' 4 , y 2 = 0.158 lb/ft 3 . The velocity at 2 may now be 
computed: V 2 = G/ y 2 A 2 = 3.58/[(0.158)(0.0218)] = 1040 fps. The temperature at 2 results from (1420 ) 2 — 
(1040) 2 = 2(6000)(r 2 - 372), T 2 = 450 °R = -10 °F. The area at 3 is computed from A 3 = G/y 3 V 3 = 
3.58/[(0.098)(1420)] = 0.0257 ft 2 . Finally, P 3 = 2 .17 i n, the required o utlet diameter. 

Check for sonic velocity at throat: c 2 = VkRT 2 = V(1.4)(1715)(450) = 1040 fps = V 2 . With sonic velocity at the 
throat, if D 3 < 2 .17 in, there will be supersonic flow throughout the tube and a shock wave will occur in the flow 
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field downstream of the nozzle exit. If D 3 > 2.17 in, with sonic flow in the throat, in order to satisfy pressure 
conditions, a shock wave will occur in the tube somewhere between the throat and the nozzle exit. 

16.131 Work Prob. 16.130 with all data the same except for the pressure within the tank, which is 100 psia rather than 
30 psia. 

f Pressure at throat: p 2 =p c = 0.528(100) = 52.8psia. Find the velocity at outlet from V 3 = (2g)[k/(k — 
l)](*/s)(7)[l - (Pi/Pi) (k - m ] = (64.4)(1.4/0.4)(1715/32.2)(540)[1 - (13.5/100) O4/, 4 j; V 3 = 1680 fps. By 
computation similar to that of Prob. 16.130, G' = 7.20 lb/s (exactly twice that of Prob. 16.130), V\ = 

[2 k/(k - l)](tf7’,)[l - (7y71)], 1680 2 = (2.8/0.4)(1715)(540)[1 - (7)/540)]; T 3 = 305 °R = -155 °F. y = pg/RT; 
y 3 = (13.5)(144)(32.2)/[(1715)(305)] = 0.1197 pcf. p!y k = constant (isentropic), therefore, 5.28/y 2 4 = 

13.5/(0.1197)* 4 ; y 2 = 0.317 pcf. V 2 = G/y 2 A 2 = 7.20/[(0.317)(0.0218)] = 1042 fps, T 2 = 448°R= -12 °F, 

A 3 = G/y 3 V 3 = 7.20/[(0.1197)(1680)] = 0.0358 ft 2 and D = 2.56 in. 

16.132 Air within a tank at 100 °F flows isentropically through a 3-in-diameter convergent nozzle into a 14.2-psia 
atmosphere. Find the flow rate for a tank pressure of 20 psig. 

f For air ( k = 1.4), (p 2 /p t ) c = 0.528; p 2 = 14.2 psia. If p 2 /p\ > 0.528, that is, p x < 14.2/0.528 = 26.9 psia, find G 
from 

G = A 2 y/(2g)[k/(k -1)]0»,y,)[(/>*//>,)** - {pJpT +m ] ( 1 ) 

If p x > 26.9 psia, find G' from 

G' = g(A 2 pi/y/T,)'^(k/R)[2/(k + !)](*+*«*-') (2) 

Hence, for p, = 20 + 14.2 = 34.2 psia, G' = (32.2)[(0.0491)(34.2)(144)/V560]V(1.4/1715)(2/2.4) 24/O4 = 

5.44 lb/s. 

16.133 Air flows at 150 °F from a large tank through a 1.5-in-diameter converging nozzle. Within the tank the pressure 
is 85 psia. Calculate the flow rate for external pressures of 10, 30,50, and 70 psia. Assume isentropic conditions. 
Assume that the temperature within the tank is 150 °F in all cases. Compute also the temperature at the nozzle 
outlet for each condition. 

f For air (k = 1.4), {p 2 tp l ) c = 0.528. If p 3 > 0.528(85) = 44.9 psia the flow is subsonic and p 3 = p 2 . If 
p 3 < 0.528(85) = 44.9 psia the flow is sonic and p 3 <p 2 . For sonic flows (i.e., p 3 < 44.9 psia), G' is given by 

G' = (g)(A 2 p l l\[T l )\/(klR)[2l{k + !)]<*+»«*-« (1) 

G' = [(32.2jt)( 1.5) 2 /4][85/V(460 + 150)] V(l-4/1715)(2/2.4) 2 4/0 4 = 3.24 lb/s 
For subsonic flows (i.e., p 3 > 44.9 psia), G is given by 

G = A 2 \J(2g)[k/{k - l)](Piyi)[(p 2 /Pi) 2/ * - {pJp^ k+1Vk \ (2) 

y, = gpJRT, = (32.2)(85)(144)/[(1715)(610)] = 0.378 pcf 

Substitute into Eq. (2): p 2 = p 3 (express in psf), A 2 = 0.01227 ft 2 , yi = 0.378 pcf, p, = 85 psia = 12 240 psf, 
k = 1.4. Forp 2 < 44.9 psia = 6470psf, G' =3.35 lb/s [Eq. (1)]. For p 2 =p 3 = 50 psia = 7200 psf, G = 3.22 lb/s 
[Eq. (2)]. For p 2 =p 3 = 70 psia = 10 000 psf, G = 2.49 Ib/s [Eq. (2)]. Determination of temperatures: For each 
case substitute the corresponding values of p { and p 2 into T 2 =T 1 - (p,g/Ry,)[l - (pilp ,) < * -iy *]. Also substitute 
7, = 150 °F, Yi - 0.378 pcf. Results are 
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16.134 Air enters a converging-diverging nozzle at a pressure of 100 psia and a temperature of 100 °F. Neglecting the 
entrance velocity and assuming a frictionless process, find the Mach number at the cross section where the 
pressure is 30 psia. 
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I T 2 =T l (p 2 /p i y lc - lVk (from pi/ = const and pv = RT) r 2 = 560(^)° 4/1 4 = 397 °R 

v» = [2 k/(k - l)](J?r,)[l - (TJT,)] = 2(1.40/0.40)(1715)(560)[1 - (S)] V 2 = 1399 fps 
c = {kRT 2 ) m = [1.4(1715)397] 1,2 = 976 fps N M = V/c = W = 1-433 


16.135 Carbon dioxide within a tank at 42 psia and 90 °F discharges through a convergent nozzle into a 14.2-psia 
atmosphere. Find the velocity, pressure, and temperature at the nozzle outlet. Assume isentropic conditions. 

I (pdpdc = [2/(& + l)]* /( * -1) k = 1.28 (p 2 /p,)c = (2/2.28)' 28,028 = 0.549 

Ifp 3 >0.549pi = 0.549(42) = 23.1 psia, the flow is subsonic. But p 3 = 14.2 psia, which is <23.1 psia; therefore, 
flow is sonic. The pressure at the nozzle outlet is 23.1 psia. T 2 = 7] - (p,g/Ry,)[l — (p 2 /p,) ( * -l)/ *]. Noting that 
p lg /R Yl = T, = (460 + 90) °R: T 2 = 90 - 550[1 - (23.1/42)° 28,1 28 ] = 22.6 °F, V\ = [2k/{k - 1)](RT,)[1 - 
{TJT,)] = 2(1.28/0.28)(1123)(550)[1 - («§)]; V 2 = 829 fps. 

16.136 In Prob. 16.135 if the pressure and temperature within the tank had been 18 psia and 100 °F, what would have 
been the velocity, pressure, and temperature at the nozzle outlet? Assume isentropic conditions. 

f As for solution to Prob. 16.135: (pjpjc — 0.549. If p 3 > 0.549p, = 9.88 psia, the flow is subsonic, 
p, = 14.2 psia > 9.88 psia, therefore flow is subsonic. With subsonic flow p 2 = p 3 = 14.2 psia, 7) = 7] — 
( Pl g/Ryi)l 1 - (P2/p.) (i - 1), 1 = 100 - 560[1 - (14.2/18)° 219 ] = 71.7 °F, V 2 2 = [ 2 k/(k - 1)](R7])[1 - (T 2 /T t )] = 
(2)(1.28/0.28)(1123)(560)[1 - (531.7/560)]; V 2 = 539 fps. 

16.137 Air discharges from a large tank through a converging-diverging nozzle. The throat diameter is 3.0 in, and the 
exit diameter is 4.0 in. Within the tank the air pressure and temperature are 40 psia and 150 °F, respectively. 
Calculate the flow rate for external pressures of 39, 38, 36, and 30 psia. Assume no friction. 

f y, = gpJRT-i = (32.2)(40)(144)/[(1715)(610)] = 0.1773 pcf. If sonic flow occurs, 

G' = (g)(A 2 P i /VT)V(k/R)[2/(k + l)] (* +1 >'<*-»> = (32.2)[(0.0491)(40)(144)/ 

V460 + 150]V(1.4/1715)(2.0/2.4) 2 - 4/o 4 = 6.10 lb/s. For subsonic flow: 

G=A 2 \/(2 g)[k/(k - l)](p,y,)[(p 2 /p,r - (p 2 /pQ ( * +lW I = _ 

(^/4)(^) 2 V(2)(32.2)(1.4/0.4)(40)(144)(0. 1773)[(p 3 /40) 2/L4 - (p 3 /40) 2 4/1 4 ]. By T and E using the above 
equation, p 3 =p 2 = 36.75 psia for G = 6.10 lb/s. 
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16.138 Air is to flow through a converging-diverging nozzle at 16 lb/s. At the throat the pressure, temperature, and 
velocity are to be 21 psia, 120 °F, and 480 fps, respectively. At the outlet the velocity is to be 200 fps. Determine 
the throat diameter. Assume isentropic flow. 

f G = y 2 A 2 V 2 y = plRT y 2 = (21)(144)/[(53.3)(120 + 460)] = 0.09782 lb/ft 3 

16 = (0.09782)(;rD 2 /4)(480) D= 0.6587 ft or 7.90 in 

16.139 Air in a tank under a pressure of 150 psia and 80 °F flows out into the atmosphere through a 2.00-in-diameter 
converging nozzle, (a) Find the flow rate. ( b ) If a diverging section with an outlet diameter of 3.00 in were 
attached to the converging nozzle, what then would be the flow rate? Neglect friction. 

f (a) p 3 /p 2 = 14.7/150 = 0.098 < 0.528; so flow is sonic: Use G' = (g)[A 2 pJy/T i ] x 

V(k/R)[2/(k + G' = (32.2)[(0.0218)(150)(144)/V460 + 80]V(l-4/1715)(2/2.4) 2 4/04 = 10.8 lb/s. 

(b) Attaching a diverging nozzle with sonic flow (and no change in Ap) will not change the flow rate. 
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16.140 Repeat Prob. 16.139 for the case where the air within the tank is at 18 psia. Assume all other data to be the 
same. 

f (a) pjp\ = 14.7/18 = 0.817 > 0.528; so flow is subsonic, y, = gpJRT t = (32.2)(18)(144)/[(1715)(540)1 = 
0.09012 pcf , G = A 2 y(2g)[k/(k - 1)](p 1 y,)[(p 2 /Pi) 2/<; ~ (pJp^'^] = 
(jt/ 4)(^) 2 V2(32.2)(1.4/0.4)(18)(144)(0.09012)(0.817 2/1 ' 4 — 0.817 Z4/1 ' 4 ) = 1.03 lb/s. 

( b ) Attaching a diverging nozzle with subsonic flow (when the air behaves like an incompressible fluid) will 
increase the flow rate. It only changes A z in the equation above. Thus G = 1.03(3.00/2.00) 2 = 2.32 lb/s 
providing subsonic flow still occurs in the throat. Check this by computing G' , which is 
G max if Pi is not increas ed. G' - ( g)(A 2 pjVT l )y/(k/R)[2 /(k + l)] (t4,|y( *- t) = 

(32.2)(jt/ 4)(2.0) 2 (18/V460 + 80)V(1.4/1715)(2/2.4) 2 4/04 = 1.296 lb/s. Thus, with the 3.0-in diameter 
outlet the flow at the throat has become sonic, and G = 1.296 lb/s. 

16.141 Air discharges from a large tank through a converging-diverging nozzle with a 20-mm-diameter throat into the 
atmosphere. The gage pressure and temperature in the tank are 705 kPa and 42 °C; the barometric pressure is 
99.5 kPa. (a) Find the nozzle-tip diameter required for p 3 to be equal to the atmospheric pressure. For this case, 
what are the flow velocity, sonic velocity, and Mach number at the nozzle exit? 

f p, = 705 + 99.5 = 804.5 kPa abs. Assume sonic velocity at the throat: 

Vlllg = (RT/g)[k/(k - 1)][1 - (p 2 / Pi y k - m ] Vi/19.62 = [287(315)/9.81](1.4/0.4)[1 - (99.5/804.5)° 4/14 ] 

V 3 = 533 m/s 

G' = (g)(A 2 p 3 /y/T x )\/(k/R)[2/(k + i)](*+’w*-> 

= [9.81(jt)(0.01 2 )(804 500)/V273 + 42]V(1.4/287)(2/2.4) 2 4/04 = 5.65 N/s 
Vi - V? = 2c p (T l - r 3 ) 533 2 — 0 = 2(1003)(315 — T 3 ) T 3 = 173.4 K 

y 3 = gpJRT 3 = (9.81)(99.5)/[(0.287)(173.4)] = 19.61 N/m 3 
A, = G/y 3 V 3 = 5.65/(19.61)(533) = 0.000541 m 2 = 541 mm 2 
£> 3 = 26.3 mm c = [kRT]' 12 = [1.4(287)173.4] 1/2 = 264 m/s M, = V 3 /c 3 = = 2.02 

Thus sonic velocity occurs at the throat and the shock wave is located downstream of the nozzle tip. 

16.142 Helium enters a 100-mm-ID pipe from a converging-diverging nozzle at N M = 1.30, p — 14 kPa abs, T = 225 K. 
Determine for isothermal flow (a) the maximum length of pipe for no choking, ( b ) the downstream conditions, 
and (c) the length from the exit to the section where N M = 1.0 (/ = 0.016, k = 1.66). 

I (a) (//D)L max = L(1 - kN 2 M )/kN 2 M \ + In (kN 2 M ) 

0.016L max /0.1 = {[1 - 1.66(1.3) 2 ]/(1.66)(1.3) 2 } + In [1.66(1.3 2 )] 
from which L max = 2.425 m. 

( b ) p*'/p=VkN M p*' = pVkN M = 14vT 66(1.30) = 23.45 kPa abs 

The Mach number at the exit is l/Vl-66 = 0.776. 

f v "dV = 1 r'^dNi V*' 1 

\ v V~2 ) m N* m ° r V VkN M 

At the upstream section V = A M VkRT= (1.30)V(1.66)(2077)(225) = 1145 m/s and V*‘ = V/(VkN M ) = 
1145/(Vl766)(1.30) = 683.6 m/s. 

(c) Substituting into the equation in (a) for N M = 1, (0.016/0. l)£^ ax = [(1 — 1.66)/1.66] + In 1.66 or £„ ax = 
0.683 m. N m = 1 occurs 0.683 m from the exit. 

16.143 Helium discharges from a 5-in-diameter converging nozzle at its maximum rate for reservoir conditions of 

p = 4 atm, T = 25 °C. What restrictions are placed on the downstream pressure? Calculate the mass flow rate 
and velocity of the gas at the nozzle. 

rn m » = (A*p 0 /Vf 0 )y/{k/R)[2/(k + l)r +,y( *- ,) A* = (jr)[(i)(2.54)/100] 2 /4 = 0.0001267 m 2 
p 0 = (4)(101310) = 405 240 Pa T 0 = 25+ 273 = 298 K k = 1.66 /? = 2077 N-m/(kg-K) 

m max = [(0.0001267)(405 240)/V298]V(1.66/2077)[2/(1.66 + = 0.0473 kg/s 
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V* = rh m Jp*A* p * = Po(p*/p«) Vk Po = pJRT 0 = 405 240/[(2077)(298)] = 0.655 kg/m 3 
p*/p 0 = [2/(k + l)] t,(tl) = [2/(1. 66 += 0.488 p* = (0.488)(405 240) = 197 757 Pa 
p* = 0.655(197 757/405 240) 1 ' 166 = 0.425 kg/m 3 
y* = 0.0473/(0.425)(0.0001267) = 878 m/s p dQwnstream <p* 

16.144 Air in a reservoir at 285 psia, T = 295 °F, flows through a 2-in-diameter throat in a converging-diverging nozzle. 
For = 1 at the throat, calculate p, p, and T there. 

f For critical conditions at the throat, T* = 0.833, p* = 0.528, and p* = 0.632. 

Throat (0.833)(295 + 460)= 629 °R p, hroa , = (0.528)(285) = 150 psia 
p = p/RT po = (285)(144)/[(1716)(295 + 460)] = 0.0317 slug/ft 3 
Pthroa. = (0.632)(0.0317) = 0.0200 slug/ft 3 

16.145 What must be the velocity, pressure, density, temperature, and diameter at a cross section of the nozzle of 
Prob. 16.144 where N M = 2.5? 

I TJT = 1 + [(fc - l)/2]N 2 M (295 + 460)/7' = 1 + [(1.40 — i)/2](2.5) 2 T = 336°R 

Po/p = {1 + [(k- \)l2\N 2 M ) kl(k ~° 285/p = {1 + [(1.40 - l)/2](2.5) 2 } 140,(14 °-’> p = 16.7 psia 

p„/p = (1 + [(A: - 1)/2]A0.0317/p = (1 + [(1.40 - 1)/2](2.5) 2 > 1/(14 °- l) p = 0.00417 slug/ft 3 
N M = V/VkRT 2.5 = V/V(l-40)(1716)(336) F= 2246 ft/s 
A/A* = (1/N*)[(5 + N 2 m )/ 6] 3 A/[(;r)(£) 2 /4] = (l/2.5)[(5 + 2.5 2 )/6] 3 A = 0.0575 ft 2 

M) 2 /4 = 0.0575 D=0.271 ft or 3.25 in 

16.146 Nitrogen in sonic flow at a 25-mm-diameter throat section has a pressure of 60 kPa abs, T = -15 °C. Determine 
the mass flow rate. 

f p* = p*/RT* = 60/[(0.297)(273 - 15)] = 0.7830 kg/m 3 

V* = VfcRT* = V(1.40)(297)(273 - 15) = 327.5 m/s 
m = p*A*V* =0.7830[(jr)(-,io) 2 /4](327.5) = 0.126 kg/s 

16.147 What is the Mach number for Prob. 16.146 at a 40-mm-diameter section in supersonic and in subsonic flow? 

f A/A* = (1/Afc)[(5 + N 2 „)/6] 3 [(■zt)(40) 2 /4]/[(jt)(25) 2 /4] = (1/A M )[(5 + N 2 M )/6f 

(N m \ = 0.234 (N m ) 2 = 2.47 

16.148 What diameter throat section is needed for critical flow of 0.6 lbm/s of carbon monoxide from a reservoir where 
p = 300 psia and T = 100 °F? 

I rh — p*A*V* p 0 — p 0 /RT 0 = (300)(144)/[(55.2)(100 + 460)] = ] 3981bm/ft 3 

p* = 0.634p o = (0.634)(1.398) = 0.8863 lbm/ft 3 T* = 0.833T o = (0.833)(100 + 460) = 466 °R 
V* = VkRT* = VT.40)[(55.2)(32.2)](466) = 1077 ft/s 0.6 = (0.8863)(A*)(1077) 

A* =0.0006286 ft 2 nrD 2 /4 = 0.0006286 D= 0.02829 ft or 0.34 in 

16.149 A supersonic nozzle is to be designed for airflow with N M = 3.0 at the exit section, which is 200 mm in diameter 
and has a pressure of 6 kPa abs and temperature of -80 °C. Calculate throat area and reservoir conditions. 

I A/A* = (1/A m )[(5 + N 2 m )/6] 3 A„ it = (nr)®) 2 /4 = 0.03142 m 2 

0.03142/A* = (l/3.0)[(5 + 3.0 2 )/6] 3 A* = 0.007420 m 2 
7o = (7’){l + [(& - l)/2]N 2 M } = (273 - 80){1 + [(1.40 - l)/2](3.0) 2 } = 540 K 
Po = (p){l + [(* - l)/2]N 2 „}* ,( *-'> = (6){1 + [(1.40 - l)/2](3.0) 2 } 140,(14 °- ,) = 220.4 kPa 
Po = Pa/RTo = 220.4/[(0.287)(540)] = 1.42 kg/m 3 


16.150 


In Prob. 16.149, calculate the diameter of cross section for N M = 1.5, 2.0, and 2.5. 
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f Using data from Prob. 16.149, 

jz{D*) 2 /A = 0.007420 m 2 D* = 0.09720 m D = (D*)(1/Va^)[(5 + N 2 M )/6]' s 
N m = 1.5 D = (0.09720)(1/VL5)[(5 + 1.5 2 )/6] l - s = 0.1054 m 

N m = 2.0 D = (0.09720)(1/vT0)[(5 + 2.0 2 )/6] 15 = 0.1263 m 

= 2.5 D = (0.09720)(1/Vl5)[(5 + 2.5 2 )/6] 15 = 0.158 m 

16.151 Calculate the exit velocity and the mass rate of flow of nitrogen from a reservoir where p = 3 atm and T = 20 °C, 
through a converging nozzle of 60 mm diameter discharging to the atmosphere. 

I T* = 0.8337J) = (0.833)(20 + 273) = 244 K V* = y/kRT* = V(1.40)(297)(244) = 319 m/s m = p*A*V* 
p* = 0.634p o p 0 = Po/K^o = (3)(101350)/[(297)(20 + 273)] = 3.494 kg/m 3 
p* = (0.634)(3.494) = 2.215 kg/m 3 A* = (jr)(i$o) 2 /4 = 0.002827 m 2 
rh = (2.215)(0.002827)(319) = 2.00 kg/s 

16.152 A converging nozzle has a throat area of 1 in 2 and stagnation air conditions of 120 lb/in 2 abs and 600 °R. 
Compute the exit pressure and mass flow if the back pressure is («) 90 lb/in 2 abs and (6) 45 lb/in 2 abs. Assume 
k = 1.4. 

I We are given p 0 = 120 lb/in 2 abs = 17 280 lb/ft 2 , T 0 = 600 °R. Hence p 0 = p 0 /RT 0 = 17 280/(1717)(600) = 
0.0168slug/ft 3 ,p*/p 0 = 0.5283, or p* = 63.4lb/in 2 abs = 9130lb/ft 2 . 

(а) Since p b = 90 lb/in 2 abs >p*, the flow is subsonic throughout. The throat Mach number is found from 
p e =p„ and 

N% = 5[(p 0 /p) 2 ' 7 - 1] (N M )l = 5[(ff - 1] = 0.4283 (N„). = 0.6545 

T 0 /T e = 1 + 0.2 (N M ) 2 e = 1 + 0.2(0.6545) 2 = 1.0857 

Po/Pe = [1 + 0.2(A m ) 2 ] 2 5 = [1 + (0.2)(0.6545) 2 ] 2 5 = 1.2281 

Hence T e = 600/1.0857 = 553 °R, so that a e = 49(553) 1/z = 1152 ft/s. p e = 0.0168/1.2281 = 0.0137 slug/ft 3 . 

The mass flow is thus given by m = p e A t V e = p,A e [(A/ M )a,] = 0.0137(^h)[0.6545(1152)] = 0.0715 slug/s. The 
exit pressure equals the back pressure: p e =p b = 90 lb/in 2 abs. 

(б) Since p b = 45 lb/in 2 abs <p*, the throat is choked. The exit pressure is sonic: p t —p* = 63.4 lb/in 2 abs, 

m = rh ma% = 0.6847p o A,/(RT o ) U2 = 0.6847(17 280)(nh)/[1717(600)] l/2 = 0.0810 slug/s. Any back pressure less 
than or equal to p* = 63.4 lb/in 2 abs would cause this same choked condition. Notice that the 50 percent 
increase in throat Mach number from 0.6545 to 1.0 increases the mass flux only 13 percent, from 0.0715 to 
0.0810 slug/s. 

16.153 A converging-diverging nozzle has a throat area of 0.002 m 2 and an exit area of 0.008 m 2 . Air stagnation 
conditions are p 0 = 1000 kPa and T 0 = 500 K. Compute the exit pressure and mass flow for (a) design condition 
and the exit pressure and mass flow if (ft) p b ~ 300 kPa and (c) p b » 900 kPa. Assume y = 1.4. 

f (a) The design condition corresponds to supersonic isentropic flow at the given area ratio AJA, = 
0.008/0.002 = 4.0. We can find the design Mach number by (N M ) C = [216(AiM*) — 254(A/A*) 2,3 ] 1/5 , 

(N M ) e , deslgn - [216(4.0) - 254(4.0) 273 ] 1/5 - 2.95, pjp, = [1 + 0.2(A M ) 2 ] 3 \ pjp e = [1 + 0.2(2.95) 2 ] 3 5 = 34.1 or 
Pe design = 1000/34.1 = 29.3 kPa. Since the throat is clearly sonic at design conditions, m dcsign = m max = 

0.6847p 0 A ,/{R 7i) 1/2 = 0.6847(10 6 )(0.002)/[287(500)] 1/2 = 3.61 kg/s. 

(ft) For p b = 300 kPa we are definitely far below the subsonic isentropic condition but we may even be below 
condition with a normal shock in the exit, where oblique shocks occur outside the exit plane. If it is, 

Pe = Pe. design = 29.3 kPa because no shock has yet occurred. To find out, compute condition F by assuming an 
exit normal shock with ( N M ), = 2.95, that is, the design Mach number just upstream of the shock. 

PtSPx = [l/(* + l)][2k(N„X - (* - 1)] = (l/2.4)[2.8(2.95) 2 - 0.4] = 9.99 or p 2 = 9.99 Pl = 9.99 p e . dC5ign = 293 kPa. 
Since this is less than the given p b = 300 kPa, there is a normal shock just upstream of the exit plane. The exit 
flow is subsonic and equals the back pressure p e =p b = 300 kPa. Also m = m max = 3.61 kg/s. The throat is still 
sonic and choked at its maximum mass flow. 

(c) Finally, for p h = 900 kPa, we compute (N M ) r and p e . Again AJA, — 4.0 for this condition, with a subsonic 
(AW, = [1 + 0.27(AM*) 2 ]/(1.728)(AM*), (N„) e (C) - [1 + 0.27/(4.0) 2 ]/(1.728)(4.0) = 0.147. Then the 
isentropic exit-pressure ratio for this condition is p 0 lpe = [1 + 0.2(0.147) 2 ] 3 5 = 1.0152 or p e = 1000/1.0152 = 

985 kPa. The given back pressure of 900 kPa is less than this value. Thus for this case there is a normal shock 
just downstream of the throat and the throat is choked: p e =p b = 900 kPa, m = rh max = 3.61 kg/s. For this large 
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exit-area ratio the exit pressure would have to be larger than 985 kPa to cause a subsonic flow in the throat and 
a mass flow less than maximum. 

16.154 Steam in a tank at 450 °F and 100 psia exhausts through a converging nozzle of throat area 0.1 in 2 to a 1-atm 
environment. Compute the initial mass flow rate. Assume an ideal gas with k = 1.33. 

I It is sure to be choked since pjp e = 7; therefore, A„ = A*. m = w m „ = (k in )\2 /(k + 1)]'* +ly2( * ~ 1> (A *p u /VRT tt ), 
m = 1.33 1/2 [2/(1.33 + i)]d 33+0/20.33-1)^ 1/144)[(100)(144)]/V(2759)(450 + 460)} = 0.00424 slug/s. 

16.155 Air in a tank at 700 kPa and 20 °C exhausts through a converging nozzle of throat area 65 mm 2 to a 1-atm 
environment. Compute the initial mass flow rate. 

f It is sure to be choked since p 0 /p t = 7; therefore, A r = A*, m = m max = (k ir2 )[2/ (k + 1 )]'* + ' )mk ~ U (A *pjy/RT 0 ), 
m = 1.40 1/2 [2/(1.40 + i)]<‘ ‘•o+'vw <°- 1 >{(65 x 10- 6 )[(700)(1000)]/V(287)(20 + 273)} = 0.107 kg/s. 

16.156 At a point upstream of the throat of a converging-diverging nozzle the properties are Vi = 190 m/s, 7i = 305 K, 
and pi = 120 kPa. If the exit flow is supersonic, compute, from isentropic theory, m and A,. The throat area is 
35 cm 2 . 

I AJA* = (1 + 0.2A^) 3 /1.728A M c = VkR? = V(1.40)(287)(305) = 350 m/s N M = V/c = 55s = 0.543 
Since the exit flow is supersonic. A* = A throat = 35 cm 2 . 

A,/35 = [1 + (0.2)(0.543) 2 ] 3 /[(l. 728)(0.543)] A, = 44.3 cm 2 

Pi = pi/RT = 120/[(0.287)(305)] = 1.371 kg/m 3 m = p,Ai V, = (1.371)(44.3 x 10“ 4 )(190) = 1.15 kg/s 

16.157 In transonic wind tunnel testing the small area decrease caused by model blockage can be significant. Suppose 
the test section Mach number is 1.10 and the section area is 1 m 2 for air with T 0 = 21 °C. Find, according to 
one-dimensional theory, the percentage change in test-section velocity caused by a model of cross section 
0.005 m 2 (a 0.5 percent blockage). 

I 7i = T 0 /( 1 + 0.2 N 2 m ) = (21 + 273)/[l + (0.2)(1.10) 2 ] = 237 K c = VkRT 

Ci = V( 1 • 40) (287) (237) = 309 m/s V, = c,(A M ), = (309)(1.1) = 340 m/s (unblocked) 

AJA* = (1 + 0.2/Vj,)7l.728A M 1 1 A* = [1 + (0.2)(1.1) 2 ] 3 /[(1.728)(1.1)] A* =0.9921 m 2 

If A, is blocked by the 0.5 percent model, A x = 0.995 m 2 . A,/A* = 0.995/0.9921 = 1.00292. For the blocked 
condition, 

Ail A* = (1 + 0.2Aj / ) 3 /1.728A/ M 1.00292 = (1 + 0.2A^) 3 /1.728N M N M = 1.011 

Ti = (21 + 273)/[l + (0.2)(1.011) 2 ] = 244 K c, = V(1.40)(287)(244) = 313 m/s 
Vi = (313)(1.011) = 316 m/s (blocked) 

Thus a 0.5 percent decrease in area causes a (340 - 316)/340 = 0.071, or 7.1 percent decrease in velocity for this 
transonic flow. 

16.158 In flow of air in a converging-diverging duct with a supersonic exit, the throat area is 9 cm 2 and the throat 
pressure is 316 kPa. Find the pressure on either side of the throat where A = 26 cm 2 . 

f Supersonic exit means A* = A throat = 9 cm 2 and p* = 316 kPa. 

Subsonic side: 

Ai/A* = (l + 0.2Niy/l.728N M 26/9 = (1 + 0.2A^) 3 /1.728A V N M = 0.204 

Px =Po/(l + 0.2 N 2 M ) k, < k ~" p 0 =p*/[2/(k + l)]* /( *- ,) = 316/[2/(1.40 + = 598 kPa 

Pi = 598/[l + (0.2X0.204) 2 ] 140,(14 °- , > = 581 kPa 

A 1 /A* = (1 + 0.2A^) 3 /1.728A m 26/9 = (1 + 0.2A^) 3 /1.728A M A„ = 2.60 

p, = 598/[l + (0.2X2.60) 2 ] 140/(14 °- 1) = 30.0 kPa 


Subsonic side: 
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16.159 A force F — 2.4 kN pushes a piston through a 12-cm-diameter insulated cylinder containing air at 21 °C, as in 
Fig. 16-8. The exit diameter is 4 mm and the external pressure is 1 atm. Estimate (a) V„ ( b ) V p , and (c) rh e . 

I (a) V. = {[2k/(k + 1)](jR7 ’)}* /2 = {t(2)(1.40)/(1.40 + 1)](287)(21 + 273)} 1/2 = 314 m/s 

(*) V p = {V'){AJ A p ) = (314)(4/120) 2 = 0.349 m/s 

(c) m t = rh max = Q.6847p Q A* / (RT a )' 12 p 0 = F/A p + p Mm = 2.4/[tt(0. 12) 2 /4] + 101.35 = 313.6 kPa 

A* = (jt)( 0.004) 2 /4 = 0.0000126 m 2 
m t = (0.6847)(313 600)(0.0000126)/[(287)(21 + 273)] 1/2 = 0.00931 kg/s 

16.160 Air flows steadily and subsonically from a tank at 21 °C through a nozzle of exit area 18 cm 2 . Compute (a) exit 
Mach number, (6) exit velocity, (c) tank pressure (assume 1 atm exit pressure). 

f («) Assume an ideal gas, p„V 2 = yp e {N M f e , yp e A e (N M ) 2 r = 140, (N M ) e = Vl40/[(1.40)(101 350)(18 X 10 4 )] = 
0.740. 

(6) V' = c,N m Z = 7/>/(l + 0.2N 2 „) = (21 + 273)/[l + (0.2)(0.740) 2 ] = 265 K 

c e = VkRT= V(l-40)(287)(265) = 326 m/s V e = (326)(0.740) = 241 m/s 
(c) p 0 = (p e ){ 1 + [(it - 1)/2](A m ) 2 }* /( *- 1) = (101.350){1 + [(1.40 - l)/2](0.740) 2 }' 40/(14 °- ,) = 146 kPa abs 

16.161 Air flows through a converging-diverging nozzle from a reservoir, where p„ = 390 kPa. The throat area is 8 cm 2 . 
A normal shock stands in the duct where A = 12 cm 2 . Compute the pressure just downstream of this shock. 

f A/A* = (1 + 0.2Nm) 3 /1.728A m = 12/8 = 1.50 1.50 = (1 + 0.2A^) 3 /1.728N„ N M = 1.85 

p, = p 0 /( 1 + 0.2N 2 M ) k,(k ~ l) = 390/[1 + (0.2)(1.85) 2 ] 140/(140 - ,) = 62.9 kPa 
Pi/Pt = [l/(* + l)][2k(iV M ) 2 -{k- 1)] = [1/(1.40 + 1)][(2)(1.40)(1.85) 2 - (1.40 - 1)] = 3.826 

p 2 = (3.826)(62.9) = 241 kPa 

16.162 Air in a large tank at 102 °C and 152 kPa exhausts to the atmosphere (p atm = 101.3 kPa) through a converging 
nozzle with a 6-cm 2 throat area. Compute the exit mass flow. 

f m = p e AgVg p e = p 0 /[l + (0.2)(A m ) 2 ] 25 

p 0 = Po/RTo = 152/[(0.287)(101.3 + 273)] = 1.415 kg/m 3 
PolPa = [1 + (0.2)(A M ) 2 ] 3 5 Too = [1 + (0.2)(A M ) 2 ] 3 5 (N M )g = 0.784 
p f = 1.415/[1 + (0.2)(0.784) 2 ] 2 5 = 1.059 kg/m 3 
Tg = 77[1 + 0.2(N m ) 2 ] = (102 + 273)/[l + (0.2)(0.784) 2 ] = 334 K 
Cg = VkRTg = V( 1 •40)(287)(334) = 366 m/s V. = (c e )(N M ) e = (366)(0.784) = 287 m/s 
m = (1.059)(6 x 10 _4 )(287) = 0.182 kg/s 

16.163 Air flows through a converging-diverging nozzle between two reservoirs; a manometer is located at the throat, 
as shown in Fig. 16-9. Estimate the downstream reservoir pressure. 
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Fig. 16-9 

I Assume critical flow in the throat: p,=p* = 0.528 p 0 = (0.528)(301) = 158.9 kPa. Guessing p exit = 1.2 kg/m 3 , 
we have: 

p*-p r = {p M - p')(gh) 158 900 -p e = (13 600 - 1.2)(9.807)(0.18) 

Pc — 134 900 Pa = 134.9 kPa (nonisentropic flow) 

16.164 Air in a tank at 121 kPa and 301 K exhausts to the atmosphere through a 5-cm 2 -throat converging nozzle at a 
rate of 0.12 kg/s. What is the atmospheric pressure? What is the maximum mass flow possible at low 
atmospheric pressure? 

I = 0.6847poA */(RT o y a = (0.6847)[(121)(1000)](5 X 10“ 4 )/[(287)(300)] 1 ' 2 = 0.141 kg/s. Therefore, the 
given m = 0.12 kg/s is less than critical and we have a subsonic exit. 

m = P'A'Vc = (p 0 )(pJpo)(A')(N M ) e (c 0 )(cJc 0 ) = (p„A f c 0 )(A M ),[ 1 + 0.2(A M ) 2 ]- 3 
p 0 =p 0 /RT 0 = 121/[(0.287)(301)] = 1.401 kg/m 3 c 0 = JkRT 0 = V(1.40)(287)(301) = 347.8 m/s 
0.12 = [(1.401)(5 x 10- 4 )(347.8)](/V M ),[l + 0.2(A M ) 2 ] 3 (N M ), = 0.619 (by trial and error) 

p e = 121/[1 + (0.2) (0.619) 2 ] 3 5 = 93.4 kPa 

16.165 A supersonic nozzle with an exit area of 10 cm 2 discharges air at N M = 2.5, p = 101 kPa, and T = 302 K. 
Compute (a) p 0 , ( b) T 0 , and (c) m. 

I («) Pa = (p)(l + 0.2A4) 35 = 101[1 + (0.2)(2.5) 2 ] 3 5 = 1726 kPa 

(*) = (T)(l + 0.2N 2 m ) = 302[1 + (0.2)(2.5) 2 ] = 680 K 

(c) At (N m )c = 2.5, AJA* = 2.637, A* = 10/2.637 = 3.79 cm 2 . 

m = rh max = 0.mip o A*l(RT o ) m 

m = 0.6847[(1726)(1000)](3.79 x 10“ 4 )/[(287)(680)] 1/2 = 1.014 kg/s 

16.166 A perfect gas (not air) at 305 kPa expands isentropically through a supersonic nozzle with an exit area 5 times its 
throat area. If the exit Mach number is 3.8, what is the exit pressure of the gas? 

f First find the specific-heat ratio: 

AJA* = [1/(A m ),]{[2 + (k - 1 )(A M ) 2 ]/(k + i)}<™><*-.> 

5 = (l/3.8){[2 + (k- 1)(3.8) 2 ]/(/c + i)}C*+wk*-.) k = L67 (by trial and error) 

Then, p e =p 0 /{l + [(* - 1)/2](A m ) 2 }* /( *- ,) = 305/{l + [(1.66 - l)/2](3.8) 2 }' = 3.72 kPa. 

16.167 Air with p 0 = 300 kPa and T 0 = 500 K flows through a converging-diverging nozzle with throat area of 1 cm 2 and 
exit area of 4 cm 2 into a receiver tank. The mass flow is 195.2 kg/h. For what range of receiver pressure is this 
mass flow possible? 

I m = 195.2/3600 = 0.0542 kg/s, rn max = 0.6847 p 0 A*/(RT o y' 2 = 0.6847[(3 x 10 5 )(1 x 10" 4 )/[(287)(500)] 1/2 = 
0.0542 kg/s. Therefore the throat is choked, and p b can lie anywhere between p b = 0 and p, for isentropic 
subsonic exit: AJA* = 4.00, (N M )c = 0.147,(p,) msx = p/[l + (0.2)(A M ) 2 ] 3 5 = 300/[l + (0.2)(0.147) 2 ] 3 5 = 296 kPa. 
Thus the possible exit pressure range is 0 s p b < 296 kPa. 



16.168 A rocket has a thrust of 900 000 lb when operating at its design point (p„ = p a ). If the chamber pressure and 
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temperature are 500 psia and 5000 °R and the gas approximates air with k = 1.4, compute the throat diameter of 
the engine. 

I F = p e A'V' = kp e AJN M )l p o /p e = [l + (0.2)(N M )lf 5 500/14.7 = [1 + (0.2)(A/„)*] 3 5 (IV*).-2.95 

900 000 = 1.4[(14.7)(144)](A,)(2.95) 2 A, = 34.90 ft 2 nD 2 J4 = 34.90 D, = 6.67 ft 

At (N„) r = 2.95, AJA* = [1 + (0.2)(2.95) 2 ] 3 /[(1.728)(2.95)] = 4.038, A* = A, = 34.90/4.038 = 8.643 ft 2 , 
nD 2 JA = 8.643, Z>, = 3.32 ft. 

16.169 A nozzle for an ideal rocket is to operate at an altitude of 15.25 km, where the pressure is 11.60 kPa, and is to 
give a 6.67-kN thrust when the chamber pressure is 1345 kPa and the chamber temperature is 2760 °C. 

Determine the throat and exit areas and the exit velocity and temperature. Take k = 1.4 and 

R = 0.355 kJ/kg • K, and assume the exit pressure to be the ambient pressure. 

f We have p/p 0 for the exit, p / p ( , = 11.60/1345 = 0.008265. From Table A-16, we see that Af eIit = 3.8, and we 
have an area ratio A CJlit M throat = 8.95. Thus, we get for the exit temperature T r : T e /T 0 = 0.257, T e = 

(276 0 + 273)(0.257) = 779 K = 506 °C. We can now determine the exit velocity: V e = M e c = M r y/kRT r = 

3.8V(1- 4)(355)(779) = 2364 m/s. To ascertain the throat and exit areas, we must consider the thrust. Using a 
control volume comprising the interior of the combustion chamber and nozzle and considering this control 
volume to be inertial we have from linear momentum considerations 

6670 = (p e V e A t )V r = p,A,(2364 2 ) (1) 

By the ideal gas law, p, = p e RT e = 11600/(355)(779) = 0.04195 kg/m 3 . Hence, from Eq. (1), A r = 
6670/(2364 2 )(0.04195) = 0.02845 m 2 and so A* = 0.0285/8.95 = 0.00318 m 2 . 

16.170 The inlet velocity of an isentropic diffuser is 305 m/s and the undisturbed pressure and temperature are 34.5 kPa 
abs and 235 °C, respectively. If the pressure is increased by 30 percent at the exit of the diffuser, determine the 
exit velocity and temperature. Use tables. 

I Find (N m ) first: 

(N m ), = VjVkRT, = 305/V(1.4)(287)(235 + 273) = 0.675 p/p 0 = 0.737 
pjpo = (pJpKp/po) = (1.30)(0.737) = 0.958 
(/V„) 2 = 0.249 r 2 /T„ = 0.988 

But TJ T„ = 0.916, T 0 = 0.50 8/0.916 = 555. Hence, T 2 = (555)(0.988) = 548 K. Also V 2 = 

(0.249) V(l. 4)(287)(1)(548) = 116.8 m/s. 

16.171 Air is kept in a tank at pressure p 0 = 0.689 MPa abs and temperature T„ = 17 °C. If one allows the air to issue 
out in a one-dimensional isentropic flow, what is the greatest possible flow per unit area? What is the flow per 
unit area at the exit of the nozzle where p = 0.101325 MPa? 

f p/p 0 = 0.147 (AW, = 1.91 

For the largest G we go to the throat: 

G* = Vk/R(pjVT n )[2/(k + l)f +,)/|2 (*—»' = Vl.4/287(0.689 x 107V290)(2/2.4) 24/o 8 = 1635 kg/m 2 • s. 

At the exit, G = Vk/R(p n /VT 0 )(N M I{ 1 + [(k - 1)/2]A^} (4+1,/|2< *-' )1 ) = Vl.4/287(0.689 x 10 6 /V290) x 
(1.91/{1 + [(1.4 - 1)/2](1.91) 2 } 2 4 ' 0 8 ) = 1043 kg/m 2 • s. 

16.172 Determine the exit area and the exit velocity for isentropic flow of a perfect gas with k = 1.4 in the nozzle shown 
in Fig. 16-10. How small can we make the exit area and still have isentropic flow with the given conditions 
entering the nozzle? Use tables. 


p, = 208kPa 
p, = 1.3 kg/m 3 
F,= 47.3 m/s 
4,= 0.1 m 2 


p 2 = 172.5 kPa 


Fig. 16-10 
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I First find (A/*),: N M = V/c, c = Vkpip = V(1.4)(208000)/1.3 = 473 m/s, (N M ), = 47.3/473 = 0.1. From 
Table A-16, A/A* = 5.82, A* = 0. 1/5.82 = 0.0172 m 2 . Also p/p 0 = 0.993, p 0 = 208/0.993 = 209.47 kPa. Now go 
to exit: p/p 0 = 172.5/209.47 = 0.824. Hence, (N M ) e = 0.53 and AJA* = 1.28, A e = (0.0172)(1.28) = 0.0220 m 2 . 
The smallest possible area is A* = 0.0172 m 2 . 

At N m = 0.1: 

p,/p 0 = 0.995 p 0 = 1.3/0.995 = 1.31 kg/m 3 

At (N M ) e = 0.53 (exit): 

Pit p Q = 0.871 p 2 = (0.871)(1.31) = 1.14 kg/m 3 

From continuity: 

p i V i A x = p 2 V 2 A 2 (1.3)(47.3)(0.1) = (1.14)V 2 (0.0220) V 2 = 245 m/s 

16.173 Determine the exit area in Prob. 16.172 for a nozzle efficiency of 90 percent. Take c p = 1.005 kJ/kg • K, k = 1.4, 
and R = 0.287 kJ/kg • K. 

f We shall need (r 2 )^ n . To compute (T 2 ), Mn we use the result that (A/ M ), = 0.1 from Prob. 16.172. Hence, 

T, = (T o )(0.998), T 0 = [208/(1.3)(0.287)]0.998 = 556 K, 7) = 555 K. Since (N M ) 2 = 0.53 from Prob. 16.172 we 
have T 2 /T 0 = 0.947, T 2 = 527 K, r, = (Vl/2) acl /[V 2 /2 + c p (T, - T 2 )] isen , 0.9 = (V|/2) act /[47.3 2 /2 + (1005)(555 - 
527)], (l^)^ = 229 m/s. We need (p 2 ) ac , now. For this we must evaluate (T 2 ) act . If there were no “reheaung” 
then V\/2 — 30 259 instead of 27 233. Thus we can expect an increase in exit temperature due to reheating of 
A T 2 = (30 259 - 27 233)/(1005) = 3.01 K. Hence (T 2 ) act = 527 + 3 = 530 K. Using the equation of state: p 2 = 

172 500/(287)(530) = 1.134 kg/m 3 . From continuity we get (1.3)(0.1)(47.3) = (1.134)(229)(A 2 ), A 2 = 0.0237 m 2 . 

16.174 A rocket has an area ratio A ex JA* of 3.5 for the nozzle, and the stagnation pressure is 5200 kPa abs. Fuel burns 
at the rate of 46 kg/s and the stagnation temperature is 2872 °C. Calculate the throat area and exit area. Take 
R = 0.355 kJ/kg • K and k = 1.4. 

f Using Table A-16 we get for AJA* — 3.5, (N M ) 2 = 2.80, TJT a — 0.389, p 2 /p 0 = 0.037. Hence T 2 = 

(0.389)(2872 + 273) = 1223 K, p 2 = (0.037)(5200) = 192 kPa. Then 

p 2 = p 2 /RT 2 = 192/(0.355)(1223) = 0.442 kg/m 3 
V 2 = VkRT 2 (N M ) 2 = V(1.4)(355)(1223)(2.80) = 2183 m/s 
By continuity, A 2 = 46/(0.442)(2183) = 0.0477 m 2 . Finally, A* = 0.0477/3.5 = 0.01363 nr. 


16.175 A nozzle expands air from a pressure p 0 = 180 lb/in 2 abs and temperature T 0 = 100 °F to a pressure of 18 lb/in 2 
abs. If the mass flow w is 50 lbm/s, what is the throat area and the exit area? Take k - 1.4 and 

R = 53.3 ft-lb/(lbm-°R). 

# pjp„ = rm ~ 0.1. From Table A-16: 

(N m ), = 2.16 TJT 0 = 0.517 T r = (560)(0.517) = 289.5 °R 
pjp 0 = 0.192 AJA* = 1.94 

pv = RT P'= pjRT e = (18)(144)/[(53.3)(32.2)(289.5)] = 5.217 x 10~ 3 slug/ft 3 
K = ( N M ) e c e c, = VkRT r = V(1.4)(53.3)(32.2)(289.5) = 834 ft/s 

V e = (2.16)(834) = 1801 ft/s 

Continuity: 

(50/g) = p e V'A' = (5.217 x 10 3 )(1801)(A a ) A e = 0.1653 ft 2 
A* = 0.1653/1.94 = 0.0852 ft 2 

16.176 Determine the throat and the exit areas of an ideal rocket motor to give a static thrust of 6.67 kN at 6.1-km 
altitude standard atmosphere if the chamber pressure is 1.035 MPa abs and chamber temperature is 3588 K. 
Find the velocity at the throat. Take k = 1.4 and R = 0.355 kJ/kg • K. Assume that exit pressure is that of 
surroundings. 

I From Table A-8, p e = 46.583 kPa and so pJp Q = 46.583/1035 = 0.045. Hence, from Table A-16, (N u )„ = 
2.67. Also TJT 0 = 0.412, T e = (0.412)(3588) = 1478K. Hence, K = (2.67)V(1.4)(355)(1478) = 2290m/s, p = 
p/RT, p e = 46.583/(0.355)(1478) = 0.0888 kg/m 3 . Now, by the momentum equation, using gage pressures. 
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6670 = P'V 2 'A e , A e = 6670/[(0.0888)(2290) 3 ] = 0.0143 m 2 . Also AJA* = 3.09, A* = 0.0143/3.09 = 0.00463. 
Finally we wan t V*. For this we need T*. From Table A-16: T*/T 0 = 0.833, T* = (3588)(0.833) = 2988 K. 
Hence, V* = V(1.4)(355)(2988) = 1220 m/s. 

16.177 Determine the exit area in Prob. 16.176 for a nozzle efficiency of 85 percent. Take c p = 1.214 kJ/kg • K. 

I r) = (V\/2\J[c p (Ti - r 2 ) lscn ] (V'!/2) act = (0.85)(1214)(3588 - 1478) = 2.177 x 10 6 (V 2 ) act = 2087 m/s 
Next we get (7i)„, from the first law of thermodynamics: 

(Vl/2) ac , = c p [T 0 - (r 2 ) act ] 2.177 x 10 6 = (1214)[3588 - (T 2 ) act ] (T 2 ) act = 1795 K 
p = p/RT (p 2 ) act = 46.583/[(0.355)(1795)] = 0.07310 kg/m 3 
Finally, from momentum considerations, 6670 = (pV 2 AJ act , A, = 6670/[(0.07310)(2087) 2 ] = 0.021 m 2 . 

16.178 Figure 16-11 is a convergent-divergent nozzle attached to a chamber (tank 1) where the pressure is 100 lb/in 2 
abs and the temperature is 200 °F. The area of the throat is 3 in 2 and A,, where we happen to have a normal 
shock, is 4 in 2 . Finally A, is 6 in 2 . What is the Mach number right after the shock wave? What is the Mach 
number at exit? Compute the stagnation pressure and actual pressure for the jet in tank 2. What is the 
stagnation temperature at exit? The fluid is air. 

f Data: 

r o = 660°R p 0 = 100 psia A* =3 in 2 A, = 4 in 2 A, = 6 in 2 

Find (N m )i to right of shock: Since A/A* = \ = 1.333, we have from Table A-16, (N M ) X = 1.69. (N M ) 2 from 
Table A-17 is 0.644. Find N M at exit: For N M = 0.644 Table A-16 gives A,/A* = 1.16. Therefore, 

A* = 4/1.16 = 3.45 m 2 . Now at exit: AJA* = 6/3.45 = 1.74. From Table A-16: (A M )„ = 0.360, pjp 0 = 0.206, 
Pi = (100)(0.206) = 20.6 psia. From Table A-17: p 2 /p, = 3.165, p 2 = (3.165)(20.6) = 65.2. From Table A-16: 
pjpn = 0.759, p 0 = 652/0.759 = 86.0 psia; pjp 0 = 0.914, p e = (86)(0.914) = 78.5 psia, T 0 = 200 °F. 



16.179 A convergent nozzle has an exit area of 10 cm 2 . It permits flow of air to proceed from a large tank in which the 
pressure of the air is 138 kPa abs and the temperature is 20 °C. If the ambient pressure outside the tank is 
101.325 kPa, what are the velocity of the flow on leaving the nozzle and the mass flow? Neglect friction. 

f p*/p= 0.528 p* = (138)(0.528) = 72.8 kPa 

Hence fluid leaves subsonically and p e /p 0 = 101.325/138 = 0.734. Hence: 

(Nm)< = 0.68 T r /T a = 0.915 T-. = 268 K 

V t = c(N m )' = VkRT'(N M ) t = V(1.4)(287)(268)(0.68) = 223 m/s 
p = p/RT p, = 101.325/[(0.287)(268)] = 1.317 kg/m 3 

m = pVA = (1.317)(223)(0.0010) = 0.294 kg/s 

In Prob. 16.179, what is the ambient pressure that will permit the maximum flow through the nozzle? What are 
the maximum mass flow and temperature of the air leaving the nozzle? Neglect friction. 


16.180 
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f Maximal pressure is 72.8 kPa, the critical pressure. At N M = 1: 

T*/T 0 = 0.833 T* = (293)(0.833) = 244 K 
V = VkRT V e = V(1.4)(287)(244) = 313 m/s 
p = p/RT P' = 72.8/[(0.287)(244)] = 1.040 kg/m 3 
m = pVA = (1.040)(313)(1.0 x 10“ 3 ) = 0.326 kg/s 

16.181 A convergent-divergent nozzle with a throat area of 13 cm 2 and an exit area of 20 cm 2 is connected to a tank 
wherein air is kept at a pressure of 552 kPa abs and a temperature of 15 °C. If the nozzle is operating at design 
conditions, what should be the ambient pressure outside and the mass flow? What is the critical pressure? 
Neglect friction. 

f For design operation we can say A r /A* = 1.46. From isentropic tables: (N„) r = 1.82, pjp 0 = 0.169, 
p e = (0.169)(552) = 93.3 kPa. Also 

TJT () = 0.602 T e = (0.602)(288) = 173 K 
K = C'(N M ) e = VkRT'(N M ) t = V(1.4)(287)(173)(1.82) = 480 m/s p = p/RT 

p e = 93.3/[(0.287)(173)] = 1.879 kg/m 3 m = pVA = (1.879)(480)(0.0020) = 1.80 kg/s 
At throat p*/p n = 0.528, p* = 291.5 kPa. 

16.182 In Prob. 16.181, what is the ambient pressure at which a shock will first appear just inside the nozzle? What is 
the ambient pressure for the completely subsonic flow of maximum mass flow? Neglect friction. 

I The Mach number just before the shock will be 1.82. From the normal shock tables we have just 
downstream of the shock ( N M ) r = 0.612. Also p r /p, = 3.698. Hence p, = (3.698)(93.3) = 345 kPa. For 
completely subsonic flow we assume isentropic flow and using AJA* = 1.46 we have from the isentropic tables 
pjpo = 0.874. Hence p r = (552)(0.874) = 482.45 kPa. 

16.183 How would you determine the approximate position and strength of the shock in Fig. 16-12? 


Fig. 16-12 

f 1. First find ( N M ) 2 as a function of | using isentropic data starting from exit conditions and working in. 

2. Find (N M ), as a function also of § using isentropic data starting from the throat and working downstream. 

3. From these curves plot (A M ) 2 versus 

4. Also plot (N m ) 2 versus (IV*,), using normal shock relations. Where they intersect gives the proper (A*,), 
and (N*,) 2 . 

5. Now with either (IV*,), or (N M ) 2 go back to the isentropic data of step 2 or 1, respectively, to obtain £. 

16.184 Air flows through a 2-in constriction in a 3-in diameter pipeline. The pressure and temperature of the air in the 
pipeline are 108 psig and 105 °F, respectively, and the pressure in the constriction is 81 psig. Barometric pressure 
is 14.5 psia. Find the weight flow rate of the air in the pipeline. 

f G = [A 2 /Vl - (p 2 /pi) 2Jk (A 2 /A,) 2 ]\^[2gk/(k - l)](p,y,)[(p 2 /p,) 2/ * - { P J P T +m \ 

A 2 = (*0(2)74 = 3.142 in 2 = 0.02182 ft 2 p 2 = 81 + 14.5 = 95.5 psia 
p t = 108 + 14.5 = 122.5 psia A, = (*0(3) 2 /4 = 7.069 in 2 = 0.04909 ft 2 
y = p/RT y, = (122.5)(144)/[(53.3)(105 + 460)] = 0.5858 lb/ft 3 
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_ 0.02182 _ / (2)(32.2)(1.40) 

/I - (95.5/122.5) 2714O (0.02182/0.04909) 2 ’ 1.40-1 

/r/ 95.5 X 2 ' 1 ' 40 / 95.5 \ o-40+iyi 4o-i 


T/95.5X 2 ' ,4 ° /95.5V , - 40+,yi H 

Wife) -fe) j-7,871b/s 


(122.5)(144)(0.5858) 


16.185 Air flows through a 1-in constriction in a 2-in-diameter pipeline. The pressure and temperature of the air in the 
pipeline are 100 psig and 102 °F, respectively, and the pressure in the constriction is 81 psig. Barometric pressure 
is 14.7 psia. Find the weight flow rate of the air in the pipeline. 

G = [A 2 /Vl - (p 2 /p i r k (A 2 /A l fM(2gk)/(k - 1 )](PiYMpJp>r k ~ (pM k+m ] 

A 2 = (Jt)(A) 2 /4 = 0.005454 ft 2 p 2 = 78 + 14.7 = 92.7 psia p, = 100 + 14.7 = 114.7 psia 
A, = (?r)(£)74 = 0.02182 ft 2 y = p/RT y, = (114.7)(144)/[(53.3)(102 + 460)] = 0.5514 lb/ft 3 

G = [(0.005454)/Vl - (92.7/114.7) 2/14 (0.005454/0.02182) 2 ] 
x V[(2)(32.2)(1.40)/(1.40 - 1)](114.7)(144)(0.5514) 

X V[(92.7/114.7) 2 ' 140 - (92.7/114.7) (1 40+1)/1 - 40 ] = 1.67 lb/s 


16.186 A normal shock wave occurs in the flow of air where p, = 10 psia, 7] = 40 °F, and V, = 1400 ft/s. Find p 2 , V 2 , 
and T 2 . 

I p 2 /p, = [2k{N M )\ - (Ac - l)]/(Ac + 1) Am = V/c 

c = VkRT c, = V(1.40)(1716)(40 + 460) = 1096 ft/s 
(A m ), = !3i = 1.28 p 2 /10 = [(2)(1.40)(1.28) 2 - (1.40 - 1)]/(1.40 + 1) p 2 = 17.4 psia 

V 2 /V, = [(A: - 1 )(Am)? + 2]/[(k + 1)(A m )?] V 2 /1400 = [(1.40 - 1)(1.28) 2 + 2]/[(1.40 + 1)(1.28) 2 ] V 2 = 945 ft/s 

p = p/RT p,V, = p 2 V 2 p, = (10)(144)/[(1716)(40 + 460)] =0.001678 slug/ft 3 
(0.001678)(1400) = (p 2 )(945) p 2 = 0.00249 slug/ft 3 
0.00249 = (17.4)(144)/(1716T 2 ) T 2 = 586°R or 126 °F 


16.187 Rework Prob. 16.186 if p, = 70 Pa abs, T, = 5 °C, and V, = 425 m/s. 

f p 2 /p, = [2fc(A M )i — (k — l)]/(& + 1) N m =V/c c = VkRT c, = V(l-40)(287)(5 + 273) = 334 m/s 
(Am), = 55? = 1.27 Pj/70 = [(2)(1.40)(1.27) 2 — (1.40 — 1)]/(1.40 + 1) p 2 = 120 Pa 

VJV t = [(A: - 1 )(A m )? + 2]/[(k + 1)(A m )?] V 2 /425 = [(1.40 - 1)(1.27) 2 + 2]/[(1.40 + 1)(1.27) 2 ] 

V 2 = 290 m/s 

p = p/RT p,F, = p 2 V 2 p, = 70/[(287)(5 + 273)] = 0.0008773 kg/m 3 
(0.0008773)(42.5) = (p 2 )(290) p 2 = 0.00129 kg/m 3 0.00129 = 120/(2877)) 7) = 324 K or 51 °C 

16.188 The pressure, velocity, and temperature just upstream of a normal shock wave in air are 12 psia, 2300 fps, and 
24 °F. Determine the pressure, velocity, and temperature just downstream of the wave. 

I p 2 = Pi {[2k(N M ) 2 t -(k-l)]/(k + l)} Am = V/c c, = [kRT ]' 12 = [1.4(1715)484] 1/2 = 1078 fps 
(Am), = Iff?! = 2.13 p 2 = (12){[2(1.4)(2.13) : - 0.4]/2.4} = 61.5 psia p, -p 2 = y, V,/g(V 2 - V,) 

^2 = Vx + [(P,-p 2 )/p,F,] = 2300 + {[(12 - 61.5)144]/[(0.0670/32.2)(2300)]> = 811 fps 
Vl~V 2 , = [2k/{k - l)]{[p,/(y,/g)] - (p 2 /p 2 )} 
y, = gpJRTi = (32.2)(12)(144)/[(1715)(484)] = 0.0670 pcf 
811 2 - 2300 2 = [2(1.4)/0.4]{[(12)(144)/(0.0670/32.2)] - [(61.5)(144)/p 2 ]} 
p 2 = 0.00593 slug/ft 3 = p 2 /RT 2 T 2 = (61.5)(144)/[(1715)(0.00593)] = 871 °R = 411 °F 


16.189 Just downstream of a normal shock wave the pressure, velocity, and temperature are 52 psia, 398 fps, and 
115 °F. Compute the Mach number upstream of the shock wave. Consider air and carbon dioxide. 

I (A m ) 2 = [2 + (& — 1)(Am)?]/[2£(Am)i — (k — 1)] 

For air: 


Am = Vic 


c = VkRT 
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0.339 2 = [2 + (1.40 - 1)(AW?]/[(2)(1.40)(AW? - (1.40 - 1)] 
(A«)? = -26.2 (impossible) 


(N m ) 2 =M = 0.339 


For carbon dioxide: 

c 2 = V(1.28)(1123)(115 + 460) = 909 ft/s (N M ) 2 = H = 0.438 
0.438 2 = [2 + (1.28 - 1)(N m )?]/[(2)(1.28)(AW? - (1.28 - 1)] (Am), = 3.12 

16.190 A schlieren photograph of a bullet shows a Mach angle of 28°. The air is at a pressure of 14 psia and 60 °F. Find 
the approximate speed of the bullet. 

I N m = V/c = 1/sin/S = 1/sin 28° = 2.13 c = VkRT = V(1.40)(1716)(60 + 460) = 1118 ft/s 

2.13 = V71118 V = 2381 ft/s 

16.191 If a normal shock wave occurs in the flow of helium, p, = 1 psia, T, = 40 °F, V, = 4500 ft/s, find p 2 , p 2 , V 2 , and 
T 2 . 

I p 2 = [1/(A + 1)][2 p,V\ -(k- l)p,] Pi = P i/RT l = l(144)/{386[32.17(460 + 40)]) = 0.0000232 slug/ft 3 
p 2 = [1/(1.66 + 1)][2(0.0000232)(4500 2 ) - (1.66 - 1)(144)(1)] = 317 lb/ft 2 abs p, + p, V] =p 2 + Pl V,V 2 
V 2 =V t - [(p 2 - p,)/p, V,] = 4500 - [(317 - 144)(4500)(0.0000232)] = 2843 ft/s 
p 2 = Pi(V,/l/ 2 ) = (0.0000232)(g§) = 0.0000367 slug/ft 3 
T 2 = p 2 /p 2 R = 317/{(0.0000367)[(386)(32.17)]} = 696 °R or 236 °F 

16.192 A shock wave occurs in a duct carrying air where the upstream Mach number is 2.0 and upstream temperature 
and pressure are 17 °C and 21 kPa abs. Calculate the Mach number, pressure, temperature, and velocity after 
the shock wave. 

I For (A«), = 2.0, from Table A-17, (N M ) 2 = 0.577, p 2 /p, = 4.500, and T 2 /T, = 1.688. 

p 2 — (4.500)(21) = 94.5 kPa T 2 = (1.688)(17 + 273) = 490 K or 217 °C 
c 2 = VkRT = V(1.40)(287)(490) = 444 m/s V 2 = c 2 (A„) 2 = (444)(0.577) = 256 m/s 

16.193 Show that entropy has increased across the shock wave of Prob. 16.192. 

I As — c v In l(T 2 /T l ) k (p 2 /p t ) 1 - k ], and [490/(17 + 273)]' ‘ u, (94.5/21)'‘ 14 " is slightly larger than 1. 

16.194 Conditions immediately before a normal shock wave in airflow are p„ = 6 psia, T u = 139 °F, and V u = 1860 ft/s. 
Find (JV M )„, (N M ) d , p d , and T d , where the subscript d refers to conditions just downstream from the shock wave. 

f N m = V/c c = VkRT= V(1.40)(1716)(139 + 460) = 1200 ft/s (A*)* = {fg = 1.55 

From Table A-17, (N M ) d = 0.683, p d /p u = 2.65, and T d /T u = 1.356. p d = (2.65)(6) = 15.9 psia, T d = 

(1.356)(139 + 460) = 812 °R, or 352 °F. 

16.195 For A = 0.20 ft 2 in Prob. 16.194, calculate the entropy increase across the shock wave in Btu/s and degrees 
Rankine. 

I As = (0.171) In [( T 2 /T i ) k (p 2 /p i y - k ] = (0.171) In {[812/(139 + 460)] 140 (15.9/6) 1 -' ^ = 0.00617 Btu/(lbm-°R) 

As = m As 

m = p u AV u = ( pJRT u )AV u = [(6)(144)/(1716)(139 + 460)](0.20)(1860) = 0.3127 slug/s 
As = (0.3127)(32.17)(0.00617) = 0.0621 Btu/(s-°R) 

16.196 An explosion in air, y = 1.4, creates a spherical shock wave propagating radially into still air at standard 
conditions. At the instant shown in Fig. 16-13, the pressure just inside the shock is 200 lb/in 2 abs. Estimate 
(a) the shock speed C and (6) the air velocity V just inside the shock. 

f (a) In spite of the spherical geometry the flow across the shock moves normal to the spherical wavefront; 
hence the normal-shock relations apply. Fixing our control volume to the moving shock, we find that the proper 
conditions to use are C = Vj, p, = 14.7 lb/in 2 abs, 7) = 520 °R, V = V, — V 2 , p 2 = 200 lb/in 2 abs. The speed of 
sound outside the shock is c, = 49Tj /2 = 1117 ft/s. We can find (N M ), from the known pressure ratio across the 
shock: pjp , = 200/14.7 = 13.61 = [l/(* + 1)][2*(JV*)? -(k- 1)], 13.61 = (1/2.4)[2.8(A W )? - 0.4] or ( N M ), = 
3.436. Then, by definition of the Mach number, C = Vj = (N M ) ,c, = 3.436(1117) = 3840 ft/s. 
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p = 14.7 lb/in 2 abs 
l°R 


Fig. 16-13 

(*) r 2 /r,» p + (*- i)(n m )?]{[ 2 *(a/ m )? - (* -1)]/(* + Wn m )*) 

= [2 + (0.4)(3.436) 2 ] {[(2.8)(3.436) 2 - 0.4]/(2.4) 2 (3.436) 2 } = 3.228 
T 2 = 3.228T, = 3.228(520) = 1679 °R 

At such a high temperature we should account for non-perfect-gas effects or at least use the gas tables, but we 
won’t. Here just estimate from the perfect-gas energy equation that V\ = 2c p (7j — T 2 ) + V\ = 2(6010)(520 — 

1679) + (3840) 2 = 815 500 or V 2 ~ 903 ft/s. Notice that we did this without bothering to compute (N M ) 2 , which 
equals 0.454, or c 2 ~ 49= 2000 ft/s. 

Finally, the air velocity behind the shock is V = V| — V 2 = 3840 — 903 = 2940 ft/s. Thus a powerful explosion 
creates a brief but intense blast wind as it passes. 

16.197 Air from a reservoir at 22 °C and 498 kPa flows through a duct and forms a normal shock downstream of a 
throat of area 12 cm 2 . If the stagnation pressure downstream of this shock exactly equals the throat pressure, 
what is the area where the shock wave stands? 

I A/A* = (1//V„)[(1 + 0.2AT 2 m ) 3 /1.728] pf = (p„),/(l + 0.2N 2 M f 5 = 498/[l + (0.2)(1) 2 ] 3 5 = 263 kPa = (p„) 2 

(7^0)2/(Po)i = Hi = 0.528 

From Table A-17, (/V M ), = 2.43, A,/12 = (1/2.43){[1 + (0.2)(2.43) 2 ] 3 /1.728), A, = 29.65 cm 2 . 

16.198 Air passes through a normal shock with upstream conditions V, = 790 m/s, p, = 110 kPa, and 7j = 306 K. What 
are the downstream conditions V 2 and p 2 ? 

I p 2 l Pl = [2k(N M )j-(k-l)\/(k + l) N m = V/c c = VkRT 

c ! = V(1.40)(287)(306) = 351 m/s (/V M ), = S? = 2.251 

p 2 /110 = [(2)(1.40)(2.251) 2 - (1.40 - 1)]/(1.40 + 1) p 2 = 632 kPa 
V 2 /V t = [(* - 1 )(A m ) 2 + 2]/(k + 1)(A m ) 2 V 2 /790 = [(1.40 - 1)(2.251) 2 + 2]/(1.40 + 1)(2.251) 2 

V 2 = 262 m/s 

16.199 Repeat Prob. 16.197 if the static pressure downstream of the shock exactly equals the throat pressure. What is 
the area where the shock stands? 

I p 2 = Pthroat = p* = 263 kPa (from Prob. 16.197) 

Pi = (Po)i/(l + 0.2 N 2 M y s = 498/(1 + 0.2A4) 3 5 
Pa/P, = [(* + 1 )(N M )i - (k - 1 )]/(* + 1) = [2,80(A/ W )i - 0.40]/2.40 
By trial and error, (N M ) t = 2.15, p, = 50.3 kPa, p 2 = 263 kPa, AI A*, = 1.919, A, = (12)(1.919) = 23.0 cm 2 . 

16.200 An atomic explosion propagates into still air at 14.7 lb/in 2 abs and 515 °R. The pressure just inside the shock is 
4950 lb/in 2 abs. Assuming k = 1.4, what is the speed C of the shock and the velocity V just inside the shock? 

f C = (AW.(ci) P2/P1 = [2k(N M )\ — (k — l)]/(fc + 1) 4950/14.7 = [(2)(1.4)(N M ) 2 -(1.4-1)]/(1.4+1) 

(A/*), = 17.00 c = VkRf c, = V(1.4)(1716)(515) = 1112 ft/s C = (17.00)(1112) = 18904 ft/s = V, 
VJVx = [(k - 1 )(N u )i + 2]/(k + 1 )(N M )i VJ 18 904 = [(1.4 - 1)(17.00) 2 + 2]/(1.4 + 1)(17.00) 2 = 0.16% 

V 2 = 3206 ft/s V = C - V 2 = 18 904 - 3206 = 15 698 ft/s 

16.201 The normal-shock wave from an explosion propagates at 1450 m/s into still air at 21 °C and 101 kPa. What are 
the pressure, velocity, and temperature just inside the shock? 
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I P2 /p t = [2k(N M ) 2 t - {k - l)]/(k + 1) N m = V/c c = VkRf= V( 1.4)(287)(21 + 273) = 344 m/s 

(W M ), = w = 4.22 p 2 / 101 = [(2)(1.4)(4.22) 2 - (1.4 - 1)]/(1.4 + 1) p 2 = 208.2 kPa 

r 2 /r, = [2 + (* - D(a«?]{[( 2*)(AW? - (* -i)]/(* + i) 2 (n m )?} 

T 2 /(21 + 273) = [2 + (1.4 - 1)(4.22) 2 ]{[(2)(1.4)(4.22) 2 - (1.4 - 1)]/(1.4 + 1) 2 (4.22) 2 } 

T 2 = 1293 K V 2 /V, = [(k - 1)(N„) 2 + 2]/(k + 1)(A/ M ) 2 V 2 /1450 = [(1.4 - 1)(4.22) 2 + 2]/(1.4 + 1)(4.22) 2 

V 2 = 310 m/s V insidc shock = C - V 2 = 1450 - 310 = 1140 m/s 

16.202 Air is moving at Mach number 3 in a duct and undergoes a normal shock. If the undisturbed pressure ahead of 
the shock is 69 kPa abs, what is the increase in pressure after the shock? What is the loss in stagnation pressure 
across the shock? 

I From Table A-17, (N M ) 2 = 0.475, p 2 /p l = 10.333, (p„) 2 /(Po)i = 0.328. Hence p 2 = (10.333)(69) = 712.98kPa. 
Now go to an isentropic table for (/?„),: p,/(p 0 ), = 0.027, (p 0 )i = 69/0.027 = 2560 kPa. Hence (p 0 ) 2 = 

(0.328)(2560) = 838 kPa, and A p„ = 2560 - 838 = 1720 kPa. 

16.203 An airplane having a diffuser designed for subsonic flight has a normal shock attached to the edge of the diffuser 
when the plane is flying at a certain Mach number. If at the exit of the diffuser the Mach number is 0.3, what 
must the flight Mach number be for the plane, assuming isentropic diffusion behind the shock? The inlet area is 
0.24 m 2 and the exit area is 0.38 m 2 . 

I From Table A-16, AJA* = 2.04, A* = 0.38/2.04 = 0.186 m 2 . At inlet, A , = 0.24 m 2 . Hence AJA* = 
0.24/0.186 = 1.290. From isentropic tables, (N M ) 2 = 0.527. This is the Mach number behind the inlet shock. 
From Table A-17, (N M ), = 2.360. 

16.204 A normal shock forms ahead of the diffuser of a turbojet plane flying at Mach number 1.2. If the plane is flying 
at 35 000-ft altitude in standard atmosphere, what is the entering Mach number for the diffuser and the 
stagnation pressure. 

f (jV m )i = 1.2. Hence from normal shock tables (A-17), {N M ) 2 = 0.842. 

(Po) 2 /(Po),= 0.993 (1) 

Also, from isentropic tables (A-16) we have for (A M ), = 1.2: p,/(p„)i = 0.412. Hence, (p 0 ), = 0.498/0.412 = 

1210 psf, where we have used the standard atmosphere table. Now using Eq. ( 1) we get (p 0 ) 2 = (0.993)(1210) = 
1200 psf. 

16.205 Consider a supersonic flow of air through a stationary duct wherein a stationary shock is present. The Mach 
number ahead of the shock is 2.1 and the pressure and temperature are 101.3 kPa abs and 37 °C. What is the 
velocity of propagation of the shock relative to the air ahead of the shock? 

I (A^), = Vjci = VjVkRT, 2.1 = WV(1.40)(287)(37 + 273) V, = 741m/s 

16.206 A jet plane is diving at constant supersonic speed. There is a curved shock wave ahead of it. A static pressure 
gage near the nose of the plane measures 37.5 kPa abs. The ambient pressure and temperature of the 
atmosphere are 12 kPa and 254 K. What are the flight Mach number for the plane and its speed if one assumes 
that in front of the static pressure gage the shock wave is plane? 

f Consider the reference of observation is from the plane. The ratio of the pressures across the shock wave is 
p 2 /p, = 37.5/12 = 3.125, (N M ), = 1.68. From Tables A-17 the plane is moving at a Mach number of 1.68. The 
velocity is determined next. The speed of sound in the undisturbed region ahead of the shock is 
c = y/kRT= V(1-4)(287)(254) = 319.5 m/s. Therefore, V = (1.68)(319.5) = 537 m/s, which is also the velocity of 
the plane. 

16.207 A duct having a square cross section 0.300 m on a side has 25 kg/s of air flowing in it. The air, originally in a 
chamber where the temperature is 90 °C, has been insulated by the duct walls against heat transfer to the 
outside. The duct is operating in a choked condition. If the duct has a relative roughness of 0.002, determine the 
Mach number at a position 6 m from the exit of the duct. 

f We may solve for N M at this position by employing [(1/M 2 ) — 1] + [(& -I-1)/2] In [(& + 1)M 2 /2{1 + 

[(£ - 1)/2]M 2 } = ( fk/D H )L. To do this, we estimate/to be 0.024, from the Moody diagram (Fig. A-5). The 
hydraulic diameter D H is D H = 4 A/p w = (4)(0.3 2 )/(4)(0.3) = 0.3 m. Using k = 1.4, we then have [(1 !N 2 M ) — 1] + 
1.2 In [\.2N 2 m I(\ + Q.2N\,)\ = [(0.024)(1.4)/0.3](6) = 0.672. Solving by trial and error, we get N M = 0.6. 
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To check our friction factor, we must compute other conditions at this section of the pipe. The temperature T 
is determined from Table A-16 for N M - 0.6. Thus T/T 0 -= 0.933. Therefore T = 339 K = 66 °C. We may 
determine the viscosity of air at that temperature to be 2.15 x 10“ 5 Pa • s by making use of Fig. A-l, since 
viscosity does not depend greatly on the pressure. Noting that G = pV = ml A = 25/0.300 2 = 277.8 kg/m 2 • s, we 
have N R = GD H /p = (277.8)(0.300)/(2.15 x 10 -5 ) = 3.88 x 10 6 . Returning to the Moody diagram, we see that 
our choice of/is close enough not to require further computation and the desired Mach number is 0.6. 

16.208 A constant-area duct having a circular cross-sectional area of 0.19 m 2 is operating in a choked condition. It is 
highly insulated against heat transfer, and the inside surface has a relative roughness of 0.002. At a distance 9 m 
from the end of the duct, what is the Mach number of a 36 kg/s airflow? The stagnation temperature is 96 °C. 
Perform one iteration. 

I [(1/M,) - 1] + [(ft + l)/2] In (0 k + 1)M,/2{1 + [(ft - 1)/2]M,}) = (fk/D„)L 

nD 2 /4 = 0.19 m 2 D = 0.4918 m 

Try / = 0.023: 

[(1/M,) - 1] + [(1.40 + l)/2] In (1.40 + 1)M,/(2){1 + [(1.40 - l)/2:]Mi}) = [(0.023)(1.40)/0.4918](9) 

N m = 0.61 N r = pDV Ip rh = pAV V = cN M c = yJkRT 
From Table A-16, T/T„ = 0.931: 

T = (0.931)(96 + 273) = 344 K c = V(1.40)(287)(344) = 372 m/s V = (372)(0.61) = 227 m/s 
36 = (p)(0.19)(227) p = 0.835 kg/m 3 N R = (0.835)(0.4918)(227)/(2.2 x 10” 5 ) = 4.24 x 10 6 
From Fig. A-5 with e/D = 0.002, / = 0.023. Since this value is the same as the guessed value off, N M = 0.61. 

16.209 In Prob. 16.208, determine where Mach number 0.5 is assumed, and ascertain the pressure and temperature of 
the flow there. 

I From Fig. A-72, ( fk/H)L = 1.4, [(0.023)(1.40)/0.4918]L = 1.4, L = 21.4 m. From Table A-16, T/T 0 = 0.952: 
T = (0.952)(96 + 273) = 351 K or 77 °C p = (G/N„)(RT 0 /k{l + [(k - 1)/2]N 2 M })'' 2 
p = [(36/0.19)/0.5]((287)(96 + 273)/(1.40){l + [(1.40 - l)/2](0.5) 2 }) 122 = 101.7 kPa 

16.210 A constant-area duct is operating in the choked condition. The cross section is rectangular, having sides 6 by 
4 ft, and the surface has a relative roughness of 0.0001. At 22 ft from the end of the duct, the pressure is 

18 lb/in 2 abs. If there is no heat transferred through the walls, determine the Mach number and Reynolds 
number at this section of air flow. The exit pressure is that of ambient pressure of the surroundings, which is 
14.7 lb/in 2 . 

f We first compute H. 

H = 4 A/p w - (4)(24)/20 = 4.8 ft p = (G/N M )(RT 0 /k{ 1 + [(ft - l)/2]M,}) 1/2 

(14.7)(144) = (G/l){1716r o /(1.40)[l + (0.4/2)(l) 2 ]> 1/2 

GT'o 12 = 66.2 ( 1) 

At position 20 ft from end we get (18)(144) = (G//V M )[1716T 0 /1.4(1 + 0.2M,)1' /2 : 

74.0 = (G/M)[T„/( 1 + 0.2 M,)] ,/2 (2) 

We thus have two unknowns if we consider GT' 0 a and N M as unknowns. Substituting for GTq 2 from Eq. ( 1 ) into 
Eq. (2) we get 74.0 = 66.2/N M (l + 0.2 Nm)' 12 . Solve by trial and error to get N M = 0.838. From Fig. A-72 we get 
( fk/H)L = 0.08, / = (0.08)(4.8)/(1.4)(22) = 0.0125. Now using/ = 0.0125 and e/D = 0.0001, we get from the 
Moody diagram (Fig. A-5): N R = 3.5 x 10 6 . 

16.211 Determine the maximum length of 50-mm-ID pipe, / = 0.025 for flow of air, when the Mach number at the 
entrance to the pipe is 0.35. 

I fL m JD = H[U(N m ) 2 0 - 1]} + f In {6(N m ) 2 J[(N m ) 2 0 + 5]} ft = 1.4 

(0.025/0.05)L max = f [(1/0.35 2 ) - 1] + f In [6(0.35 2 )/(0.35 2 + 5)] 
from which L ma% = 6.90 m. 
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16.212 A 4.0-in-ID pipe, / = 0.020, has air at 14.7 psia and at T = 60 °F flowing at the upstream end with Mach number 
3.0. Determine L max , p*, V*, T*, and values of p' 0 , Vo. Ti, and L at N M = 2.0. 

I fL m JD = §{[1/(AWS] - 1} + § In {6(AW^/[(Ar M )g + 5]} (0.02/0.333)L max = f(i - 1) + % In [6(3 2 )/(3 2 + 5)] 

from which L max = 8.69 ft. If the flow originated at N M = 2, the length L max is given by the same equation: 
(0.02/0.333)L max = §(i - 1) + f In [6(2 2 )/(2 2 + 5)] from which L max = 5.08 ft. 

Hence, the length from the upstream secti on at N M = 3 to the section where N M = 2 is 8.69 - 5.08 = 3.61 ft. 
The velocity at the entrance is V = VkRTN M = Vl.4(53.3)[32.17(460 + 60)](3) = 3352 ft/s. 

p’/p, = (N M ) 0 y/[(k - 1 )(N m ) 2 0 + 2 ]/(k + 1) V*/V 0 = fl/(^) 0 ]Vt(A: - + 2]/(k + 1) 

T*/T 0 = [(£ - 1 )(N m ) 2 0 + 2]/(fe + 1) p*/14.7 = 3V[0.4(3 2 ) + 2]/2.4 = 4.583 

V*/3352 = |V[0.4(3 2 ) + 2]/2.4 = 0.509 T*/ 520 = [0.4(3 2 ) + 2]/2.4 = 1 

So p* = 67.4 psia, V* = 1707 ft/s, T* = 1213 °R. For N M = 2 the same eq uations are now solved for pi, Vi, and 
Ti: 67.4/pi = 2V[0.4(2 2 ) + 2]/2.4 = 2.45, 1707/Vi = iV[0.4(2 2 ) + 2]/2.4 = 0.6124, 1213/Ti = 

[0.4(2 2 ) + 2]/2.4 = 1. So pi = 27.5 psia, Vi = 2787 ft/s, and Ti = 809 °R. 

16.213 What length of 120-mm-diameter insulated duct, / = 0.020, is needed when oxygen enters at N M = 3.0 and 
leaves at N M = 2.0? 

f fL/D = §{[l/(Ak)S] - [1/(A m ) 2 ]} + ? In ([(A m ) 0 /A? m ] 2 {[(A m ) 2 + 5]/[(AWS + 5]}) 

0.020L/0.120 = f[(l/3.0 2 ) - (1/2.0 2 )] + f In {(3.0/2.0) 2 [(2.0 2 + 5)/(3.0 2 + 5)]} L = 1.303 m 

16.214 Air enters an insulated pipe at N M = 0.3 and leaves at N M = 0.6. What portion of the duct length is required for 
the flow to occur at N M = 0.5? 

# T, 5{[l(A M )g] - [l/(Af„)?]} + 6 In {[(A M ) 0 /(A M ),] 2 {[(A M ) 2 + S]/[(A^)g + 5]} 

L 2 5{[1/(M m )o] - [1/(AW1]} + 6 In {[(iV M ) 0 /(A M ) 2 ] 2 {[(A M ) 2 + 5]/[(A M ) 2 + 5]}} 

^ 5[(l/0.3 2 ) - (1/0.5 2 )] -16 In {(0.3/0.5) 2 [(0.5 2 + 5)/(0.3 2 + 5)]} 

5[(l/0.3 2 ) - (1/0.6 2 )] + 6 In {(0.3/0.6) 2 [(0.6 2 + 5)/(0.3 2 + 5)]} ' 

Thus 88.5 percent of the duct length is required. 

16.215 Determine the maximum length, without choking, for the adiabatic flow of air in a 100-mm-diameter duct, 

/ = 0.0227, when upstream conditions are T = 60 °C, V = 200 m/s, and p = 2 atm. 

I fLUD = !{[l/(A w )i] - 1} + f | n {6(A? M ) 0 2 /[(A M )i + 5]} 

N m = V /c = V /VkRf (N m ) o = 200/V(1.40)(287)(50 + 273) = 0.5552 

0.0227L m JO. 100 = i[(l/0.5552 2 ) - 1] + f In [(6)(0.5552) 2 /(0.5552 2 + 5)] L max = 3.077 m 

16.216 What minimum size insulated duct is required to transport nitrogen 980 ft? The upstream temperature is 75 °F, 
and the velocity there is 210 fps (/ = 0.021). 

I fL m jD = §{[1/(A m ) 2 ] - 1} + ? In {6(A„)?/[(A m ) 0 2 + 5]} 

N M = V/c=V/VkRf (N m ) 0 = 210/V(1.40)(1776)(75 + 460) = 0.1821 
(0.021)(980)/D = ?[(1/0.1821 2 ) - 1] + f In [(6)(0.1821) 2 /(0.1821 2 + 5)] D = 1.140ft 

16.217 Find the upstream and downstream pressures in Prob. 16.216 for 3-lbm/s flow. 

f p=p/RT m = pAV 3/32.2 = (p 0 )[(^r)(l. 140) 2 /4](210) p u = 0.0004347 slug/ft 3 

0.0004347 =p„/[(1776)(75 + 460)] p„= 413.0 psfa or 2.87 psia 

p*/p, = - 1)(N m ) 2 0 + 2]/(k + 1) p*/413.0 = (0.1821)V[(1.40 - 1)(0.1821) 2 + 2]/(1.40 + 1) 

P* — Pd = 68.9 psfa or 0.478 psia 

16.218 What is the maximum mass rate of flow of air from a reservoir, T = 20 °C, through 6 m of insulated 
25-mm-diameter pipe, / = 0.020, discharging to a standard atmosphere? 

I m = p 0 AV 0 p =p/RT p*/p 0 = (N M )J[(k - 1 )(A„) 2 + 2]/(/c +1) 

fUJD = I {[1/(A M ) 2 1 - 1} + f In {6(N M )H[(N M )l + 5]} 
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(0.020)(6)/0.025 = ?{[1 /(N m )1] - 1} + § In {6 (N M ) 2 J[(N M ) 2 0 + 5]} (N M ) 0 = 0.311 

101.3/po = 0.31lV[(1.40)(0.311) 2 + 2]/(1.40 + 1) p 0 = 353kPaabs 
p 0 = 353/[(0.287)(20 + 273)] = 4.20 kg/m 3 V = (N M )c = ( N M )VkRf 
V 0 = (0.311)V(1.40)(287)(20 + 273) = 106.7 m/s m = (4.20)[(jr)(0.025) 2 /4](106.7) = 0.220 kg/s 

16.219 Air flows subsonically in an adiabatic 1-in-diameter duct. The average friction factor is 0.024. (a) What length 
of duct is necessary to accelerate the flow from (N M ) t = 0.1 to (N M ) 2 = 0.5? (b) What additional length will 
accelerate it to (N M ) 3 = 1.0? Assume k = 1.4. 

I (a) / (A L/D) = (fL*/D) 1 - (JL*/D) 2 . From Table A-24, 

(/L*/D)^ M _ al = 66.9216 (/L* /D) N „_ 05 = 1.0691 

(0.024)(AL)/Cfe) = 66.9216 -1.0691 A L = 229 ft 

(6) / (AL/D) = (fL*/D) Nu=05 (0.024)(AL)/(^)= 1.0691 AL = 3.71ft 

16.220 For the duct flow of Prob. 16.219 assume that at (A M )] = 0.1 we have p, = 100 lb/in 2 abs and 7] = 600 °R. 
Compute at section 2 farther downstream [(/V w ) 2 = 0.5] (a) p 2 ; (ft) T 2 ; (c) V 2 ; and (d) (p 0 ) 2 - 

f As preliminary information we can compute Vi and (p 0 )i from the given information: V, = ()V M )iCi = 

0.1 [49(600) l/2 ] = 120 ft/s, (po), = p,[l + \(k - 1)(N m ) 2 ] 3 5 = 100[1 + 0.2(0.1) 2 ] 3 5 = 100.7 lb/in 2 abs. Now enter 
Table A-24, to find the following ratios: 


section 

Nv 

Pip* 

T/T* 

v/v* 

Palp* 

1 


10.9435 

mm 

■ 

5.8218 

2 

■ 

2.1381 

■ESS 


1.3399 


Use these ratios to compute all properties downstream: 

(а) p 2 = p,(p 2 /p*)(p7p,) = 100(2.1381/10.9435) = 19.5 lb/in 2 abs 

(ft) T 2 = r 1 (r 2 /7’*)(r*/7i) = 600(1.1429)/1.1976 = 573 °R 

(c) V 2 = V 1 (V 2 /V*)(V*/V 1 ) = 120(0.5345)/0.1094 = 586 ft/s 

(rf) (Po) 2 = (Po)i[(Po) 2 /Po][p*/(p 0 )i] = 100.7(1.3399)/5.8218 = 23.2 lb/in 2 abs 

16.221 Air enters a duct of L/D = 38 at V, = 195 m/s and T, = 302 K. The flow at the exit is choked. What is the 
average friction factor in the duct for adiabatic flow? 

I N M = V/c = V/VkRf (iV M ), = 195/V(1.40)(287)(302) = 0.560 

From Table A-24, fL/D = 0.6736, (/)(38) = 0.6736, / = 0.0177. 

16.222 Air in a tank at p 0 = 100 psia and T 0 = 518 °R flows through a converging nozzle into pipe of 1 in diameter. What 
will be the mass flow through the pipe if its length is (a) 0 ft, (6) 1 ft? Assume / = 0.0409 and the pressure 
outside the duct is negligibly small. 

f (a) m = 0.6847p o A*/(RT a y r2 (nozzle is choked) 

= (0.6847)[(100)(144)][(jr)(^) 2 /4]/[(1716)(518)] 12 = 0.0570 slug/s 

(б) fL/D = (0.0409)(l)/t 2 = 0.4908 (section 2 is choked) 

From Table A-24 N M = 0.6000 m - p,A, V, 
p = p/RT p, = p„/{l + [(k - 1)/2](N M ) 2 } 3 5 = 100/{1 + [(1.40 - 1)/2](0.6000) 2 } 3 5 = 78.4 psia 
r, = 7 0 /{l + [(k - 1)/2](N m ) 2 } = 518/(1 + [(1.40 - l)/2](0.6000) 2 } = 483 °R 
p = (78.4)(144)/[(1716)(483)] = 0.01362 slug/ft 3 
V = (N m )(c) = (N M )VkRT= (0.6000)V(1.40)(1716)(483) = 646 ft/s 
m = (0.01362)[(jt)( 1 1 2 )74](646) = 0,0480 slug/s 
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16.223 Hydrogen (k = 1.41 and R = 4.124 kJ/kg • K) enters a 6-cm-diameter pipe at p, = 502 kPa, V, = 298 m/s, and 
T t = 21 °C. The friction factor is 0.025. How long is the duct if the flow is choked? What is the exit pressure? 

I fL/D = {[1 - (AW?]/*WW*> + [(& + l)/2*] In {(k + l)(AW?/[2 + (A: - 1)(N M ) 2 } 

N M = VI c = V/VkRT (AW, = 298/V(1.41)(4124)(21 + 273) = 0.227 

0.025Z./0.06 = [(1 - 0.227 2 )/(1.41)(0.227) 2 ] 

+ [(1.41 + 1)/(2)(1.41)] In {(1.41 + l)(0.227) 2 /[2 + (1.41 - 1)(0.227) 2 ]} L = 25.6 m 
pjp* = (1 /N M ){(k + l)/[2 + (k- 1)(A^) 2 ]} 1/2 
502 /p* = (1/0.227){(1.41 + l)/[2 + (1.41 - 1)(0.227) 2 ]} 1/2 p* =p 2 = 104 kPa 

16.224 Air enters a 5-cm by 5-cm square duct at V, = 900 m/s and 7] = 300 K. The friction factor is 0.018. For what 
length duct will the flow decelerate to exactly N M = 1.0? If the duct length is 2 m, will there be a normal shock 
in the duct? If so, at what Mach number will it occur? 

f n m = Vic = V/VkRT (AW, = 900/V( 1 • 40)(287)(300) = 2.59 (supersonic entrance) 

From Table A-24, fL*/D = 0.451, 0.018L*/0.05 = 0.451, L* = 1.25 m. If L = 2 m, which is larger than L*, there 
will be a normal shock in the duct. By trial and error, the shock occurs at N M = 1.97 where fL/D = 0.296, or 
AL, = (0.451 — 0.296)(0.05)/0.018 = 0.43 m. On the downstream side of the shock, N M = 0.582 and fL*/D = 
0.565, so A L 2 = (0.565)(0.05)/0.018 = 1.57 m; L duct = AL, + AL 2 = 0.43 + 1.57 = 2.00 m. 

16.225 Air enters a 0.5-in-diameter pipe subsonically at p, = 62 psia and T, = 595 °R. The pipe length is 25 ft, 

/ = 0.020, and the receiver pressure outside the pipe entrance is 18 psia. Compute the mass flow in the pipe, 
assuming isothermal flow. 

I (mlA) 2 = {p\ — pi)/RT[(fL/D) + 2 In (p,/p 2 )[ 

= {[(62)(144)] 2 - [(18)(144)] 2 }/(1716)(595){[(0.020)(25)/(0.5/12)] + 2 In ?§} = 4.939[slugs/(s-ft 2 )] 2 
ml A = 2.222 slugs/(s-ft 2 ) m = (2. 222)[(jt)( 0. 5/12) 2 /4] = 0.00303 slug/s 

16.226 Oxygen (R = 0.260 kJ/kg • K, k = 1.40, and p=2x 10 5 Pa • s) enters a 120-m-long smooth pipe at 250 kPa and 
60 °C. The pipe exits into a low-pressure reservoir. The desired mass flow is 0.25 kg/s. Using the Moody chart 
(Fig. A-5) to compute/, estimate the maximum pipe diameter to transport this flow and the resulting exit 
pressure and temperature. 

I Guess D= 0.05 m 

m = p,A, V, p =p/RT p, = 250/[(0.260)(60 + 273)] = 2.888 kg/m 3 
0.25 = (2.888 )[(w)( 0.05) 2 /4](V,) V, = 44.09 m/s 
N m = V/c = V/VkRT (AWi = 44.09/V(1.40)(260)(60 + 273) = 0.1272 

From Table A-24 ,fL*/D = 40.39. N K = pDV/p = (2.888)(0.05)(44.09)/(2 x 10“ 5 ) = 3.18 x 10 5 . From Fig. A-5, 
/ = 0.0143. (0.0143)(120)/D = 40.39, D = 0.0425 m. Additional iterations are required; they yield a value of 
D = 0.0485 m at (AWi = 0.135. 

16.227 Air enters a 1-in-diameter cast iron duct 19 ft long at V, = 200 fps, p, = 39 psia, and T, = 521 °R. Compute the 
exit pressure and mass flow using the Moody chart (Fig. A-5) to predict the friction factor. 

I m = p,A, V, p = p/RT p, = (39)(144)/[(1716)(521)] = 0.006282 slug/ft 3 

A x = (jt)(^) 74 = 0.005454 ft 2 m = (0.006282)(0.005454)(200) = 0.006852 slug/s 
N m = V/c = V/VkRT (AW, = 200/V(1.40)(1716)(521) = 0.1788 
From Table A-24, (/L*/£>), = 18.882. 

(fL*/D) 2 = (fL*/D)t-fL/D N R = pDV Ip 

(A«), = (0.006282)(^)(200)/(3.74 x 10~ 7 ) = 2.80 x 10 5 e/D = 0.00085/(£) = 0.0102 
From Fig. A-5, / = 0.0384. 

( fL*/D) 2 = 18.882 - (0.0384)(20)/(W = 9.666 (N M ) 2 = 0.237 

p,/p*= 6.112 and p 2 /p* = 4.601 p 2 = (4.601/6.112)(39) = 29.4psia 
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16.228 Air at 320 K is to be transported through a duct 45 m long. Iff — 0.020, what is the minimum diameter of duct 
that can carry the flow without choking, if V = 50 m/s? Assume adiabatic flow. 

I N m = V/c = V/VkRf (/V M ), = 50/V(1.40)(287)(320) = 0.139 

From Fig. A-24, ( fL*/Df = 32.80, (0.020)(45)/D = 32.80, D = 0.0274 m 

16.229 Very cold air, to be used in an air-conditioning system of a test chamber, passes through a rectangular duct of 
cross-sectional area A ft 2 and of length L ft. It enters the duct at a temperature of T, °F at a pressure of p, psia. 
It is estimated that Q Btu per unit length per lbm will be transferred from the surroundings into the flow of air 
into the duct. If the exit temperature is to be T 2 °F at ambient pressure p 2 , how much flow should there be? Set 
up equations only. Explain how you might go about solving the equations. 

I 


equations 

unknowns 

(1) QL = c p \(T 0 ) 2 -{T 0 ),\ 

(2) c, = VkR7’ 1 

(3) c 2 = VkRT 2 

(4) m = p 1 V l A 1 = (p l /RT l )V,Ai 

(5) m = (p 2 l RT 2 )V 2 A 2 

(6) (AWt = Vi/c, 

(7) (N m ) 2 = V 2 /c 2 

(8) T 2 /(T 0 ) 2 = 1/(1 + [(k - l)/2](N M )l} 

(9) Tj(T 0 )i = 1/(1 + [(k - l)/2](/V M )?} 

(7o)i) {Ta) 2 

Ci 

c 2 

m, V a 

v 2 

(N m ) i 
(Nm) 2 


We thus have nine unknowns and nine equations. One way of proceeding is as follows. Solve for c 2 and c 3 
immediately from Eqs. (2) and (3). Now guess at a “m.” Solve for V 2 from Eq. (5) . Get (N M ) 2 from Eq. (7) 
and then (T 0 ) 2 from Eq. (8). From Eq. (4) get V, then go to Eq. (6) for ( N M ), and finally to Eq. (9) for (T 0 ) t - 
Finally go to Eq. ( 1 ) and see if the computed ( T 0 ), and (T 0 ) 2 satisfy the equation. If not, select another m, etc. 

16.230 Air at Vi = 300 ft/s, p = 40 psia, T = 60 °F flows into a 4.0-in-diameter duct. How much heat transfer per unit 
mass is needed for sonic conditions at the exit? Determine pressure, temperature, and velocity at the exit and at 
the section where N M = 0.70. 

f (V M ), = VjVkRTt = 300/Vl.4(53.3)(32.17)(460 + 60) = 0.268. The isentropic stagnation temperature at the 
entrance is T m = 7i{l + [(k - 1)/2](V M ) 2 } = 520[1 + 0.2(0.268 2 )] = 527 °R. The isentropic stagnation 
temperature at the exit is T* = T„(l + kN 2 M ) 2 /{(k + 1)A^[2 + (k — 1)Nm]} = 527[1 + 1.4(0.268 2 )] 2 /{(2.4 x 
0.268 2 )[2 + 0.4(0.268 2 )]} = 1827 °R. The heat transfer per slug of air flowing is q„ = c p (T 0 * - T m ) = 

0.24[32.17(1827 - 527)] = 10037 Btu/slug. The pressure at the exit is p* =p[( 1 + kN 2 M )/(k + 1)] = 

(40/2.4)[1 + 1.4(0.268 2 )] = 18.34 psia and the temperature is T* = T [(l + kN 2 M )/(k + f)N M ] 2 = 520{[1 + 

1.4(0.268 2 )]/2.4(0.268)} 2 = 1522 °R. At the exit, V* = c* = y/kRT* = Vl-4(53.3)(32.17)(1522) = 1911 ft/s. 

At the section where N M = 0.7, p = p*[(k + 1)/(1 + kN 2 M )\ = 18.34(2.4)/[l + 1.4(0.7 2 )] = 26.1 p sia, 

T = T*\(k + l)N M /(l + kN 2 M ) l 2 = 1522{2.4(0.7)/fl + 1.4(0.7 2 )1) 2 = 1511 °R and V = N M \fkRT = 
0.7Vl.4(53.3)(32.17)(1511) = 1333 ft/s. 

16.231 In frictionless oxygen flow through a duct, the following conditions prevail at inlet and outlet: V, = 298 fps, 

T, = 82 °F, (jV m ), = 0.5. Find the heat added per slug and the pressure ratio p x lp 2 . 

I pjpi = [1 + k(N M )l]/[ 1 + k(V M )?] N m = Vic = V/VkRT 

(N M f = 298/V(1.40)(1554)(82 + 460) = 0.274 
PJP 2 = [1 + (1.40)(0.5) 2 ]/[1 + (1.40)(0.274) 2 ] = 1.22 q = c p [(T 0 ) 2 - (T 0 \] , 

(T„) = T{1 + [(A: - l)/2]Nl} (To), = (82 + 460){1 + [(1.40 - l)/2](0.274) 2 } = 550 °R 

T 2 = n([(7V A# ) 2 /(A? A ,) 1 ]{[ 1 + k(N M ){]/[l + k(N M )i]}) 2 
= (82 + 460)((0.5/0.274){[l + (1.40)(0.274) 2 ]/[1 + (1.40)(0.5 2 )]}) 2 = 1209 °R 
(7;,) 2 = (1209){1 + [(1.40 - l)/2](0.5) 2 } = 1269 °R q = (0.219)(32.17)(1269 - 550) = 5066 Btu/slug 

16.232 In frictionless air flow through a 100-mm-diameter duct, 0.16 kg/s enters at T = 0 °C and p = 8 kPa abs. At what 
rate can heat be added without choking the flow? 
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I rate = mc p [T* — (7J,),] 7i* = r 0 (l + kN 2 M f /{N M )\k + 1)[2 + (* - 1)W 2 M ] T 0 = T{1 + [(* - l)/2]/V 2 M } 

N m = V/c = V/VkRT m = pAV p = p/RT = 8/|(0.287)(0 + 273)] = 0.1021 kg/m 3 
0.16 = (0. 1021 )[(jt)( 0. 100) 2 /4]( V) V = 199.5 m/s (N M ), = 199.5/V(1.40)(287)(0 + 273) = 0.602 

(To), = (0 + 273) {1 + [(1.40 - 1)/2](0.602) 2 } = 293 K 
T 0 * = (293) [1 + (1.40) (0.602) 2 ] 2 / (0.602) 2 (1.40 + 1)[2 + (1.40 - 1)(0.602) 2 ] = 357 K 
rate = (0.16)(1.005)(357 - 293) = 10.3 kW 

16.233 Frictionless flow through a duct with heat transfer causes the Mach number to decrease from 2 to 1.70 (k = 1.4). 
Determine the temperature, velocity, pressure, and density ratios. 

I Pl / P2 = [1 + *(iV M ) 2 ]/[l + *(AM?1 = [1 + (1.40)(1.70) 2 ]/[ 1 + (1.40)(2) 2 ] = 0.765 

TJT 2 = [(N M )J(N M ) 2 f(pJp 2 ) 2 = (2/1.70) 2 (0.765) 2 = 0.529 
(Hi Pi = [(N m )J(N m ) 2 ]VtJ% = (2/1.70)V5l529 = 0.856 VJV 2 = p 2 / Pl = 0.856 

16.234 In Prob. 16.233 the duct is 3 in square, p x = 16 psia, and V) = 2000 fps. Calculate the mass rate of flow for air 
flowing. 

I m = p 1 A 1 V 1 Pi= P JRT t RTt = V 2 JkN 2 m 

Pl = p J(V 2 /kN 2 M ) = (16)(144)/{20007[(1.40)(2) 2 ]} = 0.003226 slug/ft 3 
m = (0.003226) [(t^Xfj)] (2000) = 0.403 slug/s 

16.235 How much heat must be transferred per kilogram to cause the Mach number to increase from 2 to 2.6 in a 
frictionless duct carrying air? (F, = 500 m/s) 

I q„ = c„[(r 0 ) 2 - (Fo),] r„=7’{l + [(A:~l)/2]?V 2 M } T = V 2 /N 2 M kR 

T, = 500 2 / (2) 2 (1.40) (287) = 156 K 

(To), = (156){1 + [(1.40 - l)/2](2) 2 } = 281 K TJT 2 = {[(N M )J{N M ) 2 ]{ Pi lp 2 )Y 
pjp 2 = [1 + k(N M ) |]/[1 + A:(?V m ) 2 ] = [1 + (1.40)(2.6) 2 ]/[1 + (1.40)(2) 2 ] = 1.585 
TJT 2 = [(2/2.6)(1.585)] 2 = 1.487 T 2 = 156/1.487 = 105 K 
(Toh = (105){1 + [(1.40 - l)/2](2.6) 2 } = 247 K 
q H = (1.005)(247 - 281) = -52.3 kJ/kg (i.e., cooling) 

16.236 Oxygen at V, = 530 m/s, p = 80 kPa abs, and T = —10 °C flows in a 60-mm-diameter frictionless duct. How 
much heat transfer per kilogram is needed for sonic conditions at the exit? 

I q H = c p [(T 0 ) 2 - (FoX] T a =T{\ + [{k-\)l2}N 2 M } N M = V/c = V/VkRf 

(N m )i = 530/V( 1 • 40)(260)(—10 + 273) = 1.71 (FoX = (-10 + 273){1 + [(1.40 - 1)/2](1.71) 2 } = 417 K 

T 2 = TtWMiNMipJpJ} 2 pjp 2 = (1 + k)l[ 1 + k(?V M ) 2 ] = (1 + 1.40)/(1 + [(1.40)(1.71) 2 ] = 0.4712 
T 2 = (-10 + 273)[(1/1.70)(1/0.4712)] 2 = 410 K ( T 0 ) 2 = (410){1 + [(1.40 - 1)/2](1) 2 } = 492 K 

q H = (0.916)(492 - 417) = 68.6 kJ/kg 

16.237 Apply the first law bf thermodynamics, q„ + p,/p l + gz , + v 2 J2 + u, = w, + p 2 /p 2 + gz 2 + v\H + m 2 , to 
isothermal flow of a perfect gas in a horizontal pipeline, and develop an expression for the heat added per slug 
flowing. 

I For isothermal flow in a horizontal pipeline, w = 0, Zj = z 2 , 7) = T 2 , pjpi = p 2 lp 2 , «i = u 2 . Hence, 

<1h = (vl - v])/2. 

16.238 A fuel mixture, assumed equivalent to air, enters a duct combustion chamber at Vi = 95 m/s and 7) = 398 K. 
Determine the heat input per unit mass that will cause the exit flow to be choked. What will be the exit Mach 
number and temperature if 1000 kJ/kg is added during combustion? 

I 7chokc = c ; ,[7ir -(7;,),] T () = T + V 2 /2c p (7^,), = 398 + [95 2 /(2)(1005)] = 402 K 

N m = V/c = V/VkRT (A„), = 95/V (1.40)(287)(398) = 0.238 
From Table A-25, (T 0 )JT£ = 0.2361. T 0 * = 402/0.2361 = 1703 K, q chokc = (1.005)(1703 - 402) = 1308 kJ/kg. For 
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q = 1000kJ/kg; (T 0 ) 2 = (T 0 ), + ( q/c p ) = 402 + (1000/1.005) = 1397 K, (T 0 ) 2 /T 0 * = 1397/1703 = 0.8203. From 
Table A-25, (N M ) 2 = 0.601. T 2 = (T 0 ) 2 /{ 1 + [(k - l)/2 ]{N M ) 2 2 } = (1398)/{1 + [(1.40 - 1)/2](0.601) 2 } = 1304K. 

16.239 What happens to the inlet flow of Prob. 16.238 if the combustion results in 2480 kJ/kg heat addition and (p 0 )i 
and (T 0 )i remain the same? How much is the mass flow reduced? 

I (%) 2 =(T 0 ), + (qlc p ) 

Choking: 

(T 0 ) 2 = r 0 * = 402 + (2480/1.005) = 2870 K 
(T 0 ),/T 0 * = 402/2870 = 0.1400 

From Table A-25, new (A M ), = 0.1777. 


ml A = p, V, = P,c,(A m ), = p 0 co/{l + [(* - 1)/2](N m )?} 3 


m (new) N M (new) 

[" 1 + [(1.40 — 1)/2]N 2 m (old) 1 

3 0.1777 

r 1 + (0.2)(0.238) 2 1 

m (old) N m (old) 

Ll + [(1.40 — \)/2]N 2 m (new)J 

_ 0.238 

Ll + (0.2)(0.1777) 2 J 


The mass flow is reduced by 25%. 


CHAPTER 17 

Flow Measurement 

being discharged through a 3-in-diameter pipe directly into a container that has a volume of 27.0 ft 3 , 
rate and velocity of flow through the pipe if the time required to fill the container is 4 min 19.6 s. 

Q = V/t~ 27.0/[(4)(60) + 19.6] = 0.104 ft 3 /s v = Q/A = 0.104/[(^)(^) 2 /4] = 2.12 ft/s 

being discharged through a 6-in-diameter pipe directly into a container that has a volume of 200.0 ft 3 , 
rate and velocity of flow through the pipe if the time required to fill the container is 3 min 21.2 s. 

Q = V/t = 200.0/[(3)(60) + 21.2] = 0.994 ft 3 /s v = Q/A = 0.994/[(jr)(£) 2 /4] = 5.06 ft/s 

17.3 A Pitot tube being used to determine the velocity of flow of water in a closed conduit indicates a difference 
between water levels in the Pitot tube and in the piezometer of 48 mm. What is the velocity of flow? 

I v = V2gh = V(2)(9.807)(0.048) = 0.970 m/s 

17.4 A Pitot tube being used to determine the velocity of flow of water in a closed conduit indicates a difference ; 

between water levels in the Pitot tube and in the piezometer of 58 mm. What is the velocity of flow? 

I v = V2 gh = V(2)(9.807)(0.058) = 1.07 m/s 

17.5 An airplane uses a Pitot measuring device to determine its velocity. The instruments show a stagnation pressure 
(p s ) of 508 mmHg abs, a static pressure (p 0 ) of 325 mmHg abs, and a stagnation temperature of 60 °C. What is 
the plane’s velocity? 

I N m = y/[2/(k - lMpJPoY k - l),k - 1] = V[2/(1.40 - l^Kil) 0 40 - 1] = 0.825 

Since ( N M = 0.825) < 1.0, flow is subsonic, and 

v = yJ[2kRT/(k - l)}[(pJpoY k ~' )/k ~ 1] T = 60 + 273 = 333 K 
v = V[(2)(1.40)(287)(333)/(1.40 — 1)][(M ) (1a °~ m m - 1] = 302 m/s 

17.6 An airplane uses a Pitot measuring device to determine its velocity. The instruments show a stagnation pressure 
( p s ) of 498 mmHg abs, a static pressure (p 0 ) of 318 mmHg abs, and a stagnation temperature of 75 °C. What is 
the plane’s velocity? 

f n m =vp /(k - m(pjp 0 y k - ivk - 1 ]=v[ 2 /(i. 4 o - i)][(ii)<’ <°- i, ' , - 4 ° - 1 ]=0.827 

Since (N M = 0.827) < 1.0, flow is subsonic, and 

v = V[2kRT/(k - l)][(pJpo) (k ~ l)/ *-l] T= 75 + 273 = 348 K 
v = V[(2)(1.40)(287)(348)/(1.40 - l)][(!S) <, -‘"" lv, -‘" - 1] = 309 m/s 

17.7 Air (y = 0.075 pcf) is flowing in Fig. 17-1. If u = 13.9 fps and V c = 15.7 fps, determine the manometer reading. 


17.1 Water is 
Find the 

I 

17.2 Water is 
Find the 

I 




Fig. 17-1 
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u 2 /2g = (y H2 o/y.ir - l)(x) 13.9 2 /[(2)(32.2)] = (62.4/0.075 - l)(x) 

x = 0.00361 ft or 0.0433 in 


(Such a reading is too small for practical use.) 
Repeat Prob. 17.7 for Fig, 17-2. 



Oil (s=0.86) Fig. 17-2 

I VJlg - u 2 /2g = (y oi |/ y.i, ~ l)(jc) 

15.7 2 /[(2)(32.2)] — 13.9 2 /[(2)(32.2)] = [(0.86)(62.4)/0.075 — 1](jic) jc = 0.00116 ft or 0.0139 in 

(As in Prob. 17.7, such a reading is too small for practical use.) 

17.9 In Fig. 17-3, pressure gage A reads 10.8 psi, while pressure gage B reads 11.7 psi. Find the velocity if air at 50°F 
is flowing. Atmospheric pressure is 26.9 inHg. Assume C, = 1.0 and neglect compressibility effects. 


f I ^ ' J 

| l- y Fig. 17-3 

| f p = ( 26.9/29.9)(14.7)+ 10.8 = 24.03 psia y = p /RT = (24.03)(144)/[(53.3)(50 + 460)] = 0.1273 lb/ft 3 

u = C,V2g(p s /y - pjy) = (1.0)V(2)(32.2)[(11.7)(144)/0.1273 - (10.8)(144)/0.1273] = 256 ft/s 

17.10 In Prob. 17.9, if the two pressure gages were replaced by a differential manometer containing water, what 
would be the reading on the manometer (y)? 

f A ply = (s.g. M /s.g., - l)(y) A ply = (11.7)(144)/0.1273 - (10.8)(144)/0.1273 = 1018 ft 

1018 = (62.4/0.1273-l)(y) y = 2.081 ft or 25.0in 

17.11 In Fig. 17-3, assume kerosene (s.g. = 0.81) is flowing. The pressure gages at A and B read 74 Pa and 152 Pa, 
respectively. Find the velocity u, assuming C, = 1.0. 

f y=(0.81)(9.79) = 7.930 kN/m 3 or 7930 N/m 3 

u = C,y/2g(pjy-p 0 /y) = (1.00)V(2)(9.807)(^ - = 0.439 m/s 

17.12 The piezometer in Fig. 17-4 is connected to a mercury manometer, and the reading is 92 mm. The velocity is 
3.5 m/s. If carbon tetrachloride (s.g. = 1.59) is flowing, what is C, for the measurement? 



- Fig. 17-4 

m = C,y/2g(p s /y-pjy) = C,V2g(Ap/y) 

Ap/y = (s.g. M /s.g. F - l)(y) = (13.6/1.59 - 1)(0.092) = 0.6949 m 
3.5 = (C,) V (2)(9.807)(0.6949) C, = 0.948 
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17.13 In Fig. 17-4, suppose air at 90 °F is flowing. The pitometer is attached to a manometer containing a liquid 
(s.g. = 0.89). Find velocity u versus manometer readings assuming C, = 0.93. Assume the air is at standard 
atmospheric pressure. 

# From Table A-4, p air = 0.00224 slug/ft 3 . pu a u,Jpm, = (0.89)(1 .94)70 .00224 - 7 70.8: Thus 1 ft of manometer 
reading is equiva lent to 770. 8 ft of air. u = Cj\l2g(p s l y - p B / y) — C,V2g(Ap /y). Letting y = manometer 
reading , u = C,V2g(770.8y). For y = 1 in, u = (0.93)V(2)(32.2)[(7 70.8X4)1 = 59.8 ft/s. For y = 5 in, u = 

(0.93)V(2)(32.2)f (770,8)(4)1 = 134 ft/s. For y = 10 in, u = (0.93)V(2)(32.2)[(770.8)(ti)] = 189 ft/s. For y = 1 

20 in, u = (0.93)V(2)(32.2)[(770.8)(fj)] = 267 ft/s. (At larger manometer readings, the effect of compressibility 
must be considered.) 

17.14 A Pitot tube is placed in a pipe carrying water at 25 °C. The Pitot tube and a wall piezometer tube are 
connected to a water-mercury manometer which registers a differential of 66 mm. Assuming C, = 0.98, what is i 
the velocity approaching the tube? 

I Ap/y = (s.g.„/s.g. F -l)(y) = (13.6/1- 1)(0.066) = 0.8316 m 1 

u = C r y/2g(p,/y — Poly) = C,W2g(Ap/y) = (0.98)V(2)(9.807)(0.8316) = 3.96 m/s ’ 

17.15 Suppose that the fluids of Prob. 17.14 are reversed so that mercury is flowing in the pipe and water is the gage 
fluid (with the manometer now inverted). With the same gage differential, what would be the velocity of the 
mercury? 

I Ap/y = (l-s.g.«/s.g. f )(y) = (l- 1/13.6)(0.066) = 0.06115 m 

u = C,y/2g(p s /y-p 0 /y) = C,^2g(Ap/y) = (0.98)V(2)(9.807)(0.06115) = 1.07 m/s ' 

] 

■ 3 

17.16 A Prandtl tube is placed on the centerline of a smooth 10-in-diameter pipe in which water at 80 °F is flowing. j 
The reading on a differential manometer attached to this Prandtl tube is 11 in of carbon tetrachloride 

(s.g. = 1.59). Find the flow rate. I 

I W« max = 1/(1 + 1.33/ 1 ' 2 ) h = (1.59 -1)(^) = 0.5408 ft ) 

« m ax = V2 gh = V(2)(32.2)(0.5408) = 5.901 ft/s 

Try F = 5 ft/s: N R = DV/v = ($)(5)/(9.15 x 10 6 ) = 4.55 x 10 5 . From Fig. A-5,/ = 0.013. F/5.901 = 1/[1 + 
(1.33)(0.013) 1/2 ], V = 5.12 ft/s. (/is still 0.013 for V = 5.12ft/s.) Q = AV = [(jt)(y§) 2 /4](5. 12) = 2.79ft 3 /s. 

17.17 A Pitot-static tube for which C, = 0.99 is connected to an inverted t/-tube containing oil (s.g. = 0.83). Water is 
flowing. What is the velocity if the manometer reading is 3.7 in? 

I A p/y = (1 - s.g.„/s.g. F )(y) = (1 - 0.83/l)(3.7/12) = 0.0524 ft 

u = Ci'j2g(pJy - pjy) = C,y/2g(Ap/y) = (0.99)(V(2)(32.2)(0.0524) = 1.82ft/s 

17.18 A Pitot tube having a coefficient of 0.98 is used to measure the velocity of water at the center of a pipe, as 
shown in Fig. 17-5. What is the velocity? 



Fig. 17-5 


I u — C,V2g(Ps/y-po/y) = (0.98)V(2)(32.2)(18.6 — 15.5) = 13.8 ft/s 


17.19 


Air flows through a duct, and the Pitot-static tube measuring the velocity is attached to a differential gage 
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im 


17.21 


17.22 


containing water. If the deflection of the gage is 4 in, calculate the air velocity, assuming the specific weight of 
air is constant at 0.0761 lb/ft 3 and that the coefficient of the tube is 0.98. 


f ( pJy ~ Poly) = (n)(62.4)/0.0761 = 273.3 ft of air 

u = C^lgipjy-pjy) = (0.98)V(2)(32.2)(273.3) = 130 ft/s 


Carbon tetrachloride (s.g. = 1.60) flows through a pipe. The differential gage attached to the Pitot-static tube 
shows a 3-in deflection of mercury. Assuming C = 1.00, find the velocity. 

I Ps~Po = (£)(13.6 - 1.60)(62.4) = 187.2 lb/ft 2 

h = C,yj2g{pjy-p 0 ly) = (1.00) V(2)(32.2) {187.2/ [(1.60)(62.4)]} = 11.0 ft/s 

Water flows at a velocity of 4.65 fps. A differential gage ( C, = 1.0) which contains a liquid of specific gravity 
1.25 is attached to the Pitot-static tube. What is the deflection of the gage fluid? 

I u = C,^/2g(pJy-p 0 /y) = C,V2g(Ap/y) 4.65 = (1.0)V(2)(32.2)( Ap/y) Ap/y = 0.3358 ft of water 
Ap/y = (s.g. M /s.g. F -l)(y) 0.3358 = [(1.25/1) - l](y) y = 1.34 ft 

Develop the expression for measuring the flow of a gas with a Pitot tube. 

f The flow from A to B in the figure of Prob. 17.18 may be considered adiabatic and with negligible loss. 

Using the Bernoulli equation, A to B, we obtain {[A/(& — \)](p a IYa) + (V ? A /2g) + 0} — negligible loss = 

[k/(k - 1 )\(PA/Y A )(PB/PA) (k ~ m + 0 + 0 or 

v\!2g = [k/(k - 1 ))( P A/YA)Kp a /PAY k - m - 1 ] (1) 

The term p B is the stagnation pressure. This expression ( 1 ) is usually rearranged, introd ucing the ratio of the 
v elocity at A to the acoustic velocity c of the undisturbed fluid. The acoustic velocity c = \/Elp-y/kplp = 

V kpg/y■ Combining with Eq. (1) above, 

V 2 A = [c 2 /(k-l)][(p B /p A y k -'» k -l] or p B /p A = {1 + [(* - l)/2](K 4 /c) 2 )* /( *" 1) (2) 


Expanding by the binomial theorem. 


Pb /Pa = 1 + (k/2)(V A /c) 2 {l + \{VJcf - [(k - 2)I2A\(V a IcY + • ■ •} (3) 


In order to compare this expression with the formula in Prob. 17.18, multiply through by p A and replace 
kpjc 2 by p A , obtaining 


Pb =Pa + \PaV 2 a { 1 + \{V A lcf - [(A: - 2)/24](K,/c) 4 + • • •} (4) 

The above expressions apply to all compressible fluids for ratios of V/c less than unity. For ratios over unity, 
shock wave and other phenomena occur, the adiabatic assumption is not sufficiently accurate, and the derivation 
no longer applies. The ratio V/c is called the Mach number. 

The term in braces in (4) is greater than unity and the first two terms provide sufficient accuracy. The effect of 
compressibility is to increase the stagnation-point pressure over that of an incompressible fluid. 


17.23 Air flowing under atmospheric conditions (y = 0.0763 lb/ft 3 at 60 °F) at a velocity of 300 fps is measured by a 
Pitot tube. Calculate the error in the stagnation pressure by assuming the air to be incompressible. 

f Pb =Pa + pV 2 / 2 = (14.7)(144) + (0.0763/32.2)(300) 2 /2 = 2223 lb/ft 2 abs 

Also: p B =p A + \ Pa V 2 a{ 1 + \(V A tc) 2 — [(A — 2)/24](V/,/c) 4 + ■ • •} 

c = \!kgRT= V(1.40)(32.2)(53.3)(60 + 460) = 1118 ft/s 
p B = (14.7)(144) + [(0.0763/32.2)(300) 2 /2]{l + (|)(^) 2 - [(1.40 - 2)/24](^) 4 + •••}= 2225 lb/ft 2 abs 
The error in the stagnation pressure is (2225 — 2223)/2225 = 0.0009, or 0.09 percent. 

17.24 The difference between the stagnation pressure and the static pressure measured by a Pitot-static device is 
412 lb/ft 2 . The static pressure is 14.5 psia and the temperature in the air stream is 60 °F. What is the velocity of 
the air, assuming the air is (a) compressible and (b) incompressible. 
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f (a) Using Eq. (2) of Prob. 17.22, 

Ps/PA = {1 + [(* - i)/2](vyc) 2 }* /( *-‘> 
c = y/kgRT = V( 1 •40)(32.2)(53.3)(60 + 460) = 1118 ft/s 
[(14.5)(144) + 412]/(14.5)(144) = {1 + [(1.40 - l)/2](E /4 /1118) 2 ] 140/<, ' 401) V A = 574 ft/s 

(6) y = p/RT = (14.5)(144)/[(53.3)(60 + 460)] = 0.07534 lb/ft 3 

V = V2g(Ap/y) = V(2)(32.2)(412/0.07534) = 593 ft/s 

17.25 Air flows at 800 fps through a duct. At standard barometer, the stagnation pressure is —5.70 ft of water gage. 
The stagnation temperature is 145 °F. What is the static pressure in the duct? 

f Using Eq. (2) of Prob. 17.22, p B /p A = {1 + [(£ - l)/2](K,/c) 2 }* /( * -,) . With two unknowns in the equation, 
assume a V/c ratio of 0.72. (-5.70 + 34.0)(62.4)/p„ = {1 + [(1.40 - l)/2](0.72) 2 y 40,(1 *°- l \ p A = 1250 lb/ft 2 abs 
Check the assumption using the adiabatic relation T B IT A = (p B IPA) (k ~ l)lk '- 

(145 + 460)/ T, = [(-5.70 + 34.0)(62.4)/1250] a4 °- 1)/1 - 40 T A = 548 °R 
c = y/kgRT = V(1.40)(32.2)(53.3)(548) = 1147 ft/s 
V/c = jrm = 0.697 (-5.70 + 34.0)(62.4 )/p A = (1 + [(1.40 - \)/2]{0.b91) 2 y 40/(1 4 °~ 1) 

p A = 1277 lb/ft 2 abs 

No further refinement is necessary. 

17.26 A static tube indicates a static pressure that is 900 Pa too low when liquid is flowing at 2.1 m/s. Calculate the 
correction to be applied to the indicated pressure for the liquid flowing at 6 m/s. 

I Since Ah is a function of V 2 , AhJAh, = V\/V\, Ap 2 /Ap, = V\/V\, Ap 2 /900 = 6 2 /2.1 2 , A p 2 = 7350 Pa. 

17.27 A simple Pitot tube is inserted into a small stream of flowing oil, y = 56 lb/ft 3 , p = 0.65 P, Ah = 1.7 in, h„ = 6 in 
What is the velocity at point 1? 

I v = yflgAh = V(2)(32.2)(1.7/12) = 3.02 ft/s 

17.28 A stationary body immersed in a river has a maximum pressure of 73 kPa exerted on it at a distance of 5.9 m 
below the free surface. Calculate the river velocity at this depth. 

I V 2 /2g = pj y — pj y E 2 /[(2)(9.807)] = 73/9.79 — 5.9 V = 5.53 m/s 

17.29 For Fig. 17-6 derive the equation for velocity at point 1. 




' \ ' [ Sp gr - S 


' t' 1 2 ^ 


♦ 

R‘ 

i 
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t Sp gr-So:gs:g 


'Sp gr=S Q 


Fig. 17-6 


f For Fig. 17-6a (Pitot tube and piezometer opening), V\/2g = (p 2 -p x )/y. 

Manometer equation: 

p,(5/y) + kS + R’S 0 - (k + R’)S =p 2 (S/y) (p 2 -p0/y = *'[(£, - S)/S] 

V\/2g = R'[(5 0 - S)/S] F, = V2gR’(So/S-l) 

For Fig. 17-66 (Pitot-static tube), we analyze this system in a manner similar to that for Fig. 17-6a and show that 
the same relations hold, but the uncertainty in the measure ment of static pressure requires a corrective 
coefficient C, to be applied so that Vj = C l \/2gR'(SJS - 1). 
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17.30 In Fig. 17-6a air is flowing (p = 20 psia, T = 48 °F) and water is in the manometer. For R' = 0.9 in, calculate the 
velocity of air. 

I V = V2 gR'(So/S - 1) p = p/RT = (20)(144)/[(53.3)(48 + 460)] = 0.1064 lbm/ft 3 

Sa/S = 62.4/0.1064 = 586.5 V = V(2)(32.2)(0.9/12)(586X :r l) = 53.2 ft/s 

17.31 In Fig. 17-6 air is flowing ( p = 102 kPa abs and T, = 9 °C) and mercury is in the manometer. For R' = 188 mm, 
calculate the velocity at 1 for air considered incompressible. 

f V = V2g/?'(S„ g /S air - 1) P=plRT p air =102/[(0.287)(9 +273)] = 1.260 kg/m 3 

S„ g /S air = (13.6)(1000)/1.260 = 10 794 V = V(2)(9.807)(0.188)(10 794 - 1) = 199 m/s 

17.32 Work Prob. 17.31 for isentropic compression of air between 1 and 2. 

f V\/2 = C p T 1 [(p 2 lpi t Y k ~ iyk — 1] (p2-Pl)/yair = ^[(S Hg -Sa ir )/SaJ 

P 2 -Pi = R'Yhs - R'y *« R'Yn* Pi- 102 = (0.188)[(13.6)(9.79)] p 2 = 127.0 kPa 
Vi/2 = (1005)(9 + 273)[(127.0/102) <140 ' 1) ' 140 - 1] F, = 191 m/s 

17.33 A Pitot-static tube directed into a 3-m/s water stream has a gage difference of 20 mm on a water-mercury 
differential manometer. Determine the coefficient for the tube. 

I V = C,\/2gR'(SJS - 1) 3 = C,V(2)(9.807)(0.020)[(13.6/1) -1] C, = 1.35 

17.34 A Pitot-static tube, C, — 1.14, has a gage difference of 15 mm on a water-mercury manometer when directed 
into a water stream. Calculate the velocity. 

I V = C,V2gR'(S n /S - 1) = (1.14)V(2)(9.807)(0.015)[(13.6/1) - 1] = 2.19 m/s 

17.35 A Pitot-static tube of the Prandtl type has the following values of gage difference R' for the radial distance from 
the center of a 3-ft-diameter pipe: 


r,ft 

0.0 

0.3 

0.6 

0.9 

1.2 

1.48 

R\ in 

_ 

4.00 

- 

3.89 

3.72 

3.40 

2.94 

2.30 


Water is flowing, and the manometer fluid has a specific gravity of 2.83. Calculate the discharge. 
I V = C,y/2gR'(SJS — 1). For a Prandtl tube, C, = 1.0 

V = (1.0)V(2)(32.2)(R712)[(2.83/1) - 1] = 3.134 VR 7 (R' in inches) 

Ai = (rr)[(r 2 - r t )/2] 2 A, = (rr){[(r, +1 + r,)/2] 2 - [(r, + r,,,)/2] 2 } 

At, = (rr){r| — [(r 5 + r 6 )/2] 2 } 


i 

1 

2 

3 

4 

5 

6 

7 

r, 

0 

0.3 

0.6 

0.9 

1.2 

1.48 

1.5 

ft 

V, 

6.268 

6.181 

6.045 

5.779 

5.374 

4.753 

— 

ft/s 

A, 

0.071 

0.565 

1.131 

1.696 

2.177 

1.428 

— 

ft 2 


6 

Q = 2 V/A, = (6.268)(0.071) -I- (6.181)(0.565) + (6.045)(1.131) 

1=1 

+ (5.779)(1.696) + (5.374)(2.177) + (4.753)( 1.428) = 39.1 ft 3 /s 

17.36 Determine the gage difference on a water-nitrogen manometer for flow of nitrogen at 180 m/s, using a 

Pitot-static tube. The static pressure is 160 kPaabs, and the corresponding temperature is 35 °C. True static 
pressure is measured by the tube. 
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f Pi = (p,)(V?/2c p r, + l)* ,( *- l) = (160){180 2 /[(2)(1040)(35 + 273)] + 1 } 140/(140 d = 190 .2 kPa 

R' = ( p, -p,)/y = (190.2 - 160)/9.79 = 3.08 m 

17.37 Measurements in an air stream indicate that the stagnation pressure is 18 psia, the static pressure is 13 psia, and 
the stagnation temperature is 109 °F. Determine the temperature and velocity of the air stream. 

f Vj/2 = c p T 2 [l - (pjp 2 y k -' vk ] = (6000)(109 + 460)[1 - (]§)<> 

V, = 779 ft/s T t = T 2 - V 2 /2c p = (109 + 460) - 779 2 /[(2)(6000)] = 518 °R or 58 °F 

17.38 If 0.6 kg/s nitrogen flows through a 60-mm-diameter tube with stagnation temperature of 42 °C and undisturbed 
temperature of 14 °C, find the velocity and static and stagnation pressures. 

I V, = V2 c p (T 2 - r,) = V(2)(1040)[(42 + 273) - (14 + 273)] = 241 m/s 

p, = p t RT, = ( rhlAV)RT l 

A = (nr)(0.060) 2 /4 = 0.002827 m 2 p, = {0.6/[(0.002827)(241)]}(0.297)(14 + 273) = 75.067 kPa 
Pi = (p>)(T 2 /T l ) kl<k -' > = (75.067)[(42 + 273)/(14 + 273)] 1 40,(1 40 “ ,) = 103.980 kPa 

17.39 A Pitot tube is inserted into a flowing air stream at 25 °C and 120 kPa. The differential pressure reads 18 mm on 
an air-mercury manometer. What is the indicated air speed? 

I Ap = (p„ g - p air )g/t = p air V 2 /2 p air = p/RT = 120/[(0.287)(25 + 273)] = 1.40 kg/m 3 

(13 570 - 1.40)(9.807)(0.018) = (1.40)(V 2 /2) V = 58.5 m/s 

17.40 For the Pitot-static pressure arrangement of Fig. 17-7, compute the (a) centerline velocity, (ft) pipe volume 
flow, and (c) wall shear stress. The manometer fluid is Meriam red oil (s.g. = 0.827). 



I (a) Po -P = (Pou - P,„)gh = [(0.827)(998) - 1.20](9.807)(0.046) = 371.8 Pa 

V Cl = V2Ap/p air = V(2)(371.8)/1.20 = 24.9 m/s 

(*) V ayg = V C J( 1 + 1.33 Vf). Estimate F avg = 0.85V C[ = (0.85)(24.9) = 21.2 m/s. N R = pDV/p = 

(1.20)(0.100)(21.2)/(1.80 x 10“ 5 ) = 1.41 x 10 5 . From Fig. A-5, / = 0.0178. 

V avg = 24.9/(1 + 1.33V0.0178) = 21.1 m/s (O.K.) Q =AV = [(^)(0.100) 2 /4](21.1) = 0.1657 m 3 /s 

(c) t = a)(/pF 2 vg ) = (s)(0.0178)(l .20)(21.1) 2 = 1.19 Pa 

17.41 For the water flow at 20 °C of Fig. 17-8, use the manometer measurement to estimate the (a) centerline velocity 
and (ft) volume flow in the 8-in-diameter pipe. Assume a smooth wall. 

f (a) Vc L = V2Ap/p H2 o- Assume at first that static pressure at A = static pressure at B. 

Ap = (Po)b ~Pb = (Po)s ~Pa = (Ph 8 ~ Pn 2 o)gh = [(13.6 - 1)(1.94)](32.2)(^) = 196.8 lb/ft 2 

Vc L = V(2)(196.8)/1.94 = 14.2 ft/s 

(ft) F avg = K Cl /(1 + 1.33V/)- Estimate F avg = 0.87V = (0.87)(14.2) = 12.4 ft/s. N R = pDV/p = 
(1.94)(^)(12.4)/(2.04x 10 5 ) = 7.86 x 10 5 . From Fig. A-5,/= 0.0133. 

V avg = 14.2/(1 + 1.33V0.0133) = 12.3 ft/s (O.K.) 

Q =AV = [(jr)(£) 2 /4](12.3) = 4.29ft 3 /s 
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17.42 


17.43 


17.44 


0.5 ft 




|_1 3 Sn 


j 

Mercury 


Fig. 17-8 


Check: 

Pa-Pb = pgf(L/D)(V 2 /2g) = (1.94)(32.2)(0.0133)[0.5/(^)]{12.3 2 /[(2)(32.2)]} = 1.5 lb/ft 2 
This gives a 1.5/196.8 = 0.008, or 0.8 percent error in A p. 


A Pitot tube placed in a flow of methane (p = 0.666 kg/m 3 ) at 20 °C and 1 atm shows a methane-water 
differential manometer reading of 14 mm. What is the methane velocity? What will the manometer reading be if 
the methane velocity is 35 m/s? 

I A p = (ph 2 o - PcH,)gh = (998 - 0.666)(9.807)(0.014) = 136.9 Pa 

= V2Ap/p c „ 4 = V(2)(136.9)/0.666 = 20.3 m/s 

If V , £ = 35 m/s, A p = (ph 2 o - Pc« 4 )gh = pV 2 /2, (998 - 0.666)(9.807)(/i) = (0.666)(35) 2 /2, h = 0.0417 m, or 
41.7 mm. 


An airplane flying at altitude 7 km uses a Pitot stagnation probe without a static tube. The measured stagnation 
pressure is 44 kPa. Find the indicated airplane speed and its probable uncertainty. 

f Ap =p a — p = pV 2 /2. From Table A-8, p at 7000 m = 41.44 kPa and p = 0.593 kg/m 3 . (44 — 41.44)(1000) = 
(0.593)(F) 2 /2, V = 92.9 m/s. As for the uncertainty, assume p air and p„„ have ±3 percent error and p a has ±1 
percent. The worst case would be high p and p and low p„. A p = [(44)(0.99) — (41.44)(1.03)](1000) = 
[(0.593)(1.03)](F) 2 /2, V = 53.6 m/s. This is (92.9 — 53.6)/92.9 = 0.42, or 42 percent less. Thus, small errors in 
this case make for a large error in the velocity estimate. 


An engineer who took college fluid mechanics on a pass-fail basis has placed the static pressure hole far 
upstream of the stagnation probe, as in Fig. 17-9, thus contaminating the Pitot measurement ridiculously with 
pipe friction losses. If the pipe flow is air at 20 °C and 1 atm and the manometer fluid is Meriam red oil 
(s.g. = 0.827), estimate the air centerline velocity for the given manometer reading. Assume a smooth-walled 
tube. 


-11 m 



Fig. 17-9 


I (Po)b - Pa = (Pon - P*„)gh = [(0.827)(998) - 1.20](9.807)\-0.170) = -1374 Pa 

Consider friction loss. 


Pa~ Pb — (/)(L/ D)(V 2 vg /2)(p) 

(Po)b -p B = 1(Po)b -Pa] + (pa -Pb) = -1374 + (f)(L/D)(VlJ2)(p) = (p)(V <f ) 2 /2 
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17.45 


17.46 


Guess/ = 0.016 and V avg = 0.85 V . 

-1374 + (0.016)[ll/0.080](V avg /2)(1.20) = (1.20)(V avg /0.85) 2 /2 V avg = 53.0 m/s 
N„ = pDV/p = (1.20)(0.080)(53.0)/(1.81 x 10“ 5 ) = 2.81 x 10 s 
From Fig. A-5,/ - 0.016 (O.K.). 

V / V avg = 1 + 1.33/ 1/2 = 1 + (1.33)(0.016) I/2 = 1.168 V.JV^ = 1/1.168 = 0.856 (O.K.) 

Hence, V avg = 53.0 m/s and V = (53.0)(1.168) = 61.9 m/s. 


The loss of head due to friction in an orifice nozzle, or tube, may be expressed as h L = kV 2 /2g, where V is the 
actual velocity of the jet. Compute k for the three tubes in Fig. 17-10. 


V- - - 






ff . 



C„ = 0.98 

C v = 0.82 

c v * 

C f -1.00 

C f =1.00 

C' = \ 

(a) 

(b) 

(c) 


Fig. 17-10 


I 

(a) 

(b) 

(O 


h L = kV 2 /2g = (1/C 2 - l)(V 2 /2g) k = 1/C 2 -1 
C„ =0.98 fc = (l/0.98 2 )- 1 = 0.0412 

C„ = 0.82 k = (1/0.82 2 ) — 1 = 0.487 

C„ = 0.74 k = (1/0.74 2 ) - 1 = 0.826 


If the tubes in Prob. 17.45 and Fig. 17-10 discharge water under a head of 6 ft, compute the loss of head in each | 
case. S 


f v — c„V5^a 

(«) 

(b) 

(c) 


h L = kV 2 /2g = (1/C 2 - l)(V 2 /2g) = (1/C 2 - l)(C„V2^) 2 /2g = (1/C 2 - l)(2hC 2 J2) 
C„ = 0.98 h L = [(1/0.98 2 ) - 1][(2)(6)(0.98)72)] = 0.238 ft 

C„ = 0.82 h L = [(1/0.82 2 ) - l][(2)(6)(0.82) 2 /2)] = 1.97 ft 

C„ = 0.74 h L = [(1/0.74 2 ) - 1][(2)(6)(0.74)72)] = 2.71 ft 


17.47 The diverging tube shown in Fig. 17-11 discharges water when h = 4 ft. The area A is twice area A 0 . Neglecting 
all friction losses, find the (a) velocity at the throat and (b) pressure head at the throat. 


f (a) 
(*) 



Fig. 17-11 


V = = V(2)(32.2)(4) = 16.05 ft/s 

AV = A 0 V 0 (2A o )(16.05) = A 0 V 0 V 0 = 32.1 ft/s 
Poly = V 2 /2g - Vl!2g = 16.05 2 /[(2)(32.2)] - 32.1 2 /[(2)(32.2)] = -12.0 ft 
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17.48 If the barometric pressure is 14.6 psia and the water temperature is 85 °F, what is the maximum value of h at 
which the tube will flow full, all other data being the same as in Prob. 17.47? What will happen if the value of h 
is made greater than this? 

f (Po) min = p„ = 87.2 lb/ft 2 (from Table A-l) 

Paly + Vlllg = pjy + V 2 /2g Vo = 2V (from Prob. 17.47) 

87.2/62.2 + (2V) 2 /2g = (14.6)(144)/62.2 + V 2 /2g V 2 /2g = 10.80 ft 

h m „=V 2 /2g = 10.80 ft 

If h > 10.80 ft, the jet will spring free from the diverging tube, so that p 0 = p a , and discharge will decrease. 

17.49 For a rounded entrance and tube flowing full as in the sketch for Prob. 17.47, C c = 1.0 both for the throat and 
for the exit, and thus C„ = C d for both sections. For the throat, assume the value of C„ as given in Fig. 17-10a, 
and assume that for the tube as a whole the discharge coefficient applied to the exit end is 0.70. If h = 4 ft, find 
the velocity and the pressure head at the throat, and compare with Prob. 17.47. 

f Q = A V = C c A n (C,jV2g Ah). Since A = C c A 0 , 

V = 0.98V(2)(32.2)(4) = 15.73 ft/s V„ = 2V (from Prob. 17.47) 

V 0 = (2)(15.73) = 31.46 ft/s 
Pi/y + v 2 J2g + z, = poly + v 2 0 /2g + Zo + h L 
0 + 0 + 4 = po/y + 31.46 2 /[(2)(32.2)] + 0 + (1 - 0.98 2 )(4) p 0 /y = -11.5 ft 

17.50 Suppose that the diverging tube shown in the figure for Prob. 17.47 is discharging water when h = 2.7 m. The 
area A is 1.7A 0 . Neglecting all friction losses, find the (a) velocity and (6) pressure head at the throat. 

f V = Vlgh = V(2)(9.807)(2.7) = 7.277 m/s 

(a) AV = A 0 V 0 (1.7 Ao)( 7.277)=A 0 V„ V„= 12.4 m/s 

(b) po/y = V 2 /2g - Vl/2g = 7.277 2 /[(2)(9.807)] - 12.4 2 /[(2)(9.807)] = -5.14 m 

17.51 If the tube of Prob. 17.50 is operating at standard atmospheric conditions at a 2500-m elevation, what would be 
the maximum value of h at which the tube will flow full? 

f poly + VUlg = p aun /y + V 2 /2g. From Table A-8, at 2500-m elevation, p atm = 74.66 kPa and T = 0.4 °C. 
From Table A-2, at 0.4 °C, p v = 0.636 kPa and y = 9.81 kN/m\ Hence, pjy = 0.636/9.81 = 0.0648 m, 

V 0 = 1.7V, 0.0648 + (1.7V) 2 /2g = 74.66/9.81 + V 2 /2g, V 2 /2g = 3.99 m. The tube will not flow full if h > 3.99 m. 

17.52 Find the maximum theoretical head at which the Borda tube of Fig. 17-12 will flow full if the liquid is water at 
90 °F and the barometer reads 28.9 inHg. Assume C d = 0.72 for the tube flowing full. 



I V = 0.72(2gh) m , h = (V 2 /2g)/0.72 2 = 1.929u 2 /2g. If C c = 0.52 and C v = 0.98 for the contracted throat 
section, V 2 „/2g = (V 2 /2g)/0.52 2 = (0.72 2 /0.52 2 )(/») = 1.917 h, pjy + V 2 J2g + z„ = p n /y + V 2 0 /2g + Zo + h L . From 
Table A-l, at 80 °F, p v = 101 lb/ft 2 and y = 62.1 lb/ft 3 . Hence, (p 0 /y) m ,„ = pjy = 101/62.1 = 1.626 ft. 
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(28.9/12)(13.6) + 0 + ft = 1.626 + 1.917/* + (1 — 0.98 2 )(ft + 33.9). [(ft + 33.9) ft is the total absolute pressure 
head acting on the orifice.] ft = ft mal = 31.1 ft. 

17.53 For the 4-in-diameter short tube shown in Fig. 17-13, (a) what flow of water at 75 °F will occur under a head of 
30 ft? ( b ) What is the pressure head at section S? Use C v = 0.82. 



I-1 Fig. 17-13 

f For a standard short tube, the stream contracts at B to about 0.62 of the area of the tube. The lost head 
from A to B has been measured at about 0.042 times the velocity head at B. 

(a) pjy + V 2 J2g + z A =pdy + vyig + z c + h L 

0 + 0 +30 = 0+ F|/[(2)(32.2)] + 0 + [(1/0.82 2 )- l]V 2 c /[(2)(32.2)] V c = 36.04ft/s 
Q = A C V C = [(;r)(£) 2 /4](36.04) = 3.15 ft 3 /s 

(ft) Pa/y + V 2 J2g + z A = p B /y + V|/2g + z B + h L V B = V c /0.62 = 36.04/0.62 = 58.13 ft/s 

h L = 0.042V B /2g = (0.042)(58.13)7[(2)(32.2)] = 2.204 ft 
0 + 0 + 30 = p B /y + 58.13 2 /[(2)(32.2)] + 0 + 2.204 pdy = -24.7 ft of water 

In Prob. 17.53, what maximum head can be used if the tube is to flow full at the exit? 

f As the head causing flow through the short tube is increased, the pressure head at B will become less and 
less. For steady flow (and with the tube full at the exit), the pressure head at B must not be less than the vapor 
pressure head for the liquid at the particular temperature. From Table A-l, for water at 75 °F, p„ = 63.0 lb/ft 2 
and y = 62.3 lb/ft 3 ; hence, p v /y = 63.0/62.3 = 1.0 ft abs at sea level (-33.0 ft gage). Applying the Bernoulli 
equation between A and B [see Prob. 17.53((ft)], C c AV„ = AV C = AC v \flgh, V B (C v /C c )V2gh, V%/2g = 

(< CJC c f(h ) = (0.82/0.62) 2 (/z) = 1.749ft, 0 + 0 + ft = -33.0 + 1.749ft + 0 + (0.042) (1.749ft), ft = 40.1 ft of water. 
Any head over this value will cause the stream to spring free of the sides of the tube. The tube will then 
function as an orifice. 


17.55 A 4-ft-diameter tank contains oil of specific gravity 0.75. A 3-in-diameter short tube is installed near the bottom 
of the tank (C = 0.85). How long will it take to lower the level of the oil from 6 ft above the tube to 4 ft above 
the tube? 

f t = t 2 -t 1 = {2A T ICA 0 y/2g)(h\ rz - h\ a ) A r = (nr)(4) 2 /4 = 12.57ft 2 

A 0 = (^)(n) 2 /4 = 0.04909 ft 2 

t = [(2)(12.57)/(0.85)(0.04909)V(2)(32.2)](6 1/2 - 4 I/2 ) = 33.7 s 

17.56 A Borda mouthpiece 60 mm in diameter has a discharge coefficient of 0.52. What is the diameter of the issuing 
jet? 

f C c = (D,JD) 2 1 = 2C d C v = 2C\C c 1 = (2)(0.52)(C„) C v =0.9615 

1 = (2)(0.9615) 2 (C c ) C c = 0.5408 0.5408 = (D JCI /60) 2 D je , = 44.1mm 

17.57 A reservoir of variable area is drained by a 150-mm-diameter short pipe with a valve attached. The valve is 
being adjusted so that the loss (in velocity heads) for the piping system is K = 1.5 + 0.04r + O.OOOlt 2 with t in 
seconds. The reservoir area is given by A = 4 + 0. ly + O.Oly 2 m 2 where y is the elevation of the reservoir 
surface above the centerline of the valve. If y = 20 m at t = 0, determine y, A, K, and the discharge Q for 300 s. 
Solve using a computer program. 
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f Q dt = -A dy, y + 0 + 0 = KV 2 /2g = KQ 2 /2gA 2 0 , dy = -HQ/A, and Q = \?C,y/K in which C, = 2 gAl H is 
the time increment used in Runge-Kutta. 


10 REM EXAMPLE DRAINAGE OP RESERVOIR — 2ND ORDER RUNGE-KUTTA 

20 DEF FNQ<YD,TD>=S0R(C1*YD/<K1+K2*T1>+K3*TD~2>>/<A1+A2«YD+A3*YD~2> 

30 DEFINT I: READ A1,A2,A3,K1,K2,K3,Y,TMAX,PI,H,G,D 
40 DATA 4.,.1,.01,1.5,.04,.0001,20!,300!,3.1416,1.,9.806001,.15 
50 LPRINT: LPRINT“A1,A2,A3,K1,K2,K3=”;A1;A2;A3;K1;K2; K3 
60 LPRINT"Y,TMAX,PI,H,G,D="sYjTMAX;PI;HjG,-D: LPRINT 

70 Cl=2! *Gt <. 254PI •D'”2) *”2: T-0!: 1=0: A=A1+Y*<A2+A34Y) : Q=FNQ<Y,T)*A: K=K1 
BO LPRINT” T, 5 Y,m Q.W'S/s AREA, K": LPRINT 

90 LPRINT USING”###.### “|T;Y;Q;AjK 
100 IF T>* TMAX THEN STOP 

110 1=1+1: U1=-H*FNQ(Y,T): U2=—H*FNQ(Y+Ul,T+H): Y=Y+.5*1U1+U2): T=T+H 
120 A=A1+A2*Y+A3*Y~2: Q=FNQ<Y,T)*A: K=K1+T»<K2+K3»T) 

130 IF I MOD 30 = O THEN 90 ELSE GOTO 110 
140 IF T<TMAX THEN 110 ELSE STOP 

A1,A2,A3,K1,K2,K3= 4 .1 .01 1.5 .04 .0001 

Y,TMAX,PI,H,G,D= 20 300 3.1416 1 9.806001 .15 


T, s 

Y,m 

Q, m^3/s 

AREA,m' 

2 K 

0.000 

20.000 

0.286 

10.000 

1.500 

30.000 

19.265 

0.206 

9.638 

2.790 

60.000 

10.687 

0. 164 

9.361 

4.260 

90.000 

18.202 

0. 137 

9. 133 

5.910 

120.000 

17.778 

0. 119 

8.938 

7.740 

150.000 

17.401 

0. 105 

8.768 

9.750 

180.000 

17.060 

0.094 

8.616 

11.940 

210.000 

16.748 

0.085 

8.480 

14.310 

240.000 

16.460 

0.077 

8.335 

16.860 

270.000 

16.191 

0.071 

8.241 

19.390 

300.000 

15.941 

0.066 

8.133 

22.300 


17.58 A 2-in ISA flow nozzle is installed in a 3-in pipe carrying water at 72 °F. If a water-air manometer shows a 
differential of 2 in, find the flow. 

f This is a trial-and-error type of solution. First assume a reasonable v alue of K. From Fig. A-20, fo r 
D 2 /A = 0.67, for the level part of the curve, K = 1.06. Then Q = KA 2 \f2g\(pi/y + zQ — (p?Jy + z 2 )l, w here 
A 2 = (tt/ 4)(27144) = 0.0218 ft 2 and A (p/y + z) = h. = 0.167 ft. Thus Q = (1.06)(0.0218)V(64.4)(0.167) = 

0.0757 cfs. With this first determination of Q, V x = Q/A = 0.0757/0.0492 = 1.54 fps. Then D"\\ = (3)(1.54) = 
4.62. From Fig. A-20, K = 1.04 and Q = (1.04/1.06)(0.0757) = 0.0743 cfs. No further correction is necessary. 

17.59 The velocity of water in a 6-in-diameter pipe is 12 ft/s. At the end of the pipe is a nozzle whose velocity 
coefficient is 0.98. If the pressure in the pipe is 10 psi, what is the velocity in the jet? What is the diameter of the 
jet? What is the rate of discharge? What is the head loss? 

f Pi/y+ y\/2g =p 2 ly+ Vl/2g. Since p 2 = p Mm = 0, 

(F 2 ) ideal = [2g(pjy + K 2 /2g)]' /2 

v 2 = C„(V 2 ) ldea | = (0.98){(2)(32.2)[(10)(144)/62.4 + 12 2 /(2)(32.2)]} 1/2 = 39.6 ft/s 
A je , = QIV Q = AV = [(7r)(£) 2 /4j(12) = 2.356 ft 3 /s A jet = 2.356/39.6 = 0.05949 ft 2 
0.05949 = JtD 2 J4 D JC , = 0.2752 ft or 3.30 in 
h L = h — V 2 /2g h = original head = p/y + V 2 /2g + z 

h = (10)(144)/62.4 + 12 2 /[(2)(32.2)] + 0 = 25.31 ft h L = 25.31 - 39.6 2 /[(2)(32.2)] = 0.960ft 

17.60 A jet of water 4 in in diameter is discharged through a nozzle whose velocity coefficient is 0.96. If the pressure 
in the pipe is 14 psi and the pipe diameter is 9 in and if it is assumed that there is no contraction of the jet, what 
is the velocity at the tip of the nozzle? What is the rate of discharge? 

I V = {CJ[ 1 - C 2 „(D 2 /D,)T 2 }(2gp/y) 1/2 = {0.96/[l — (0.96) 2 (|) 4 ] 1/2 > {(2)(32.2)[(14)(144)]/62.4)} 1/2 = 44.6 ft/s 

Q =AV = [(7r)(n) 2 /4](44.6) = 3.89 ft 3 /s 

17.61 The nozzle in Fig. 17-14 throws a stream of water vertically upward so that the power available in the jet at 
point 2 is 3.50 hp. If the pressure at the base of the nozzle, point 1, is 36.0 psi, find the (c) theoretical height to 
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Fig. 17-14 


which the jet will rise, (ft) coefficient of velocity, (c) head loss between 1 and 2, and (d) theoretical diameter of ■] 
the jet at a point 18 ft above point 2. 

f P = QyV\i2g = A z yV\Hg 

(3.50)(550) = [(jr)(1.0/12) 2 /4](62.4)(^)/[(2)(32.2)] V 2 = 71.42 ft/s 
(a) fttheor ~ V\/2g = 71.42 2 /[(2)(32.2)] = 79.2 ft 

(ft) C„ = V/V t V, = V2g(p,/y + V 2 /2g + 2l -z 2 ) 

V 2 Jlg = (Vl/2g)(D 2 /D i y = {71.42 2 /1(2) (32.2)] > (1.0/3) 4 = 0.9778 ft 
Vi = V(2)(32.2)[(36.0)(144)/62.4 + 0.9778 + 0 - j|] = 73.10 ft/s 
C„= 71.42/73.10 = 0.977 

(c) ft L = (1 ~ C 2 )ft = (1 — 0.977 2 ){73.10 2 / [(2) (32.2)]} = 3.77 ft 

(d) V 2 1 /2g = (Vl/2g)(D,/D 2 ) 4 Vl/2g = V 2 /2g - z 3 

D, = D 2 \(V 2 2 l2g)l(Vll2g)\ v * = (1.0){[71.42 2 /(2)(32.2)]/[71.42 2 /(2)(32.2) - 18.0]} ,/4 = 1.07 in 


17.62 Suppose a 125-mm ISA flow nozzle is used to measure the flow of water at 50 °C. What would be the reading on 
a mercury manometer for the flow rate 16 L/s? 

f A {ply + z) = R\S m /S f - 1) = /?'[(13.6/1) - 1] = 12.6 R' 

Q = KA 2 \/2g A(p/y + z) = KA 2 \/(2g)(\2.6R') 

Let K= 1.0: Q = (1.0)[(jt)(0. 125) 2 /4]V(2)(9.807)(12. 6)/?' = 0.1929VF. Then 

16 x 10~ 3 = 0.1929V/? 7 R' = 0.00688 m = 6.88 mm 
Of course, one should check the Reynolds number to confirm the value of K used. 

17.63 A 9-in ISA nozzle is used to measure the flow of crude oil (s.g. = 0.855) at 15 °F. If a mercury manometer shows 
a reading of 5.5 in, what is the flow? Assume D 2 /D, = 0.70, v = 0.00034 ft 2 /s. 

f A (p/y + z) = R'(S m /S f - 1) = R '[(13.6/0.855) - 1] = 14.91R’ 

Q = KA 2 \j2g A {p/y + z) = KA 2 V(2g)(14.91/?') 

Let K = 1.08: Q = (1. 08)[(jr)(^) 2 /4] V(2)(32.2)(5.5/12)(14.91) = 10.01 ft 3 /s. Check N R to confirm that the 
assumed K is applicable: V = Q/A = 10.01/[(jr)(£) 2 /4] = 22.66 ft/s, N R = DV/v = (£)(22.66)/0.00034 = 

5.00 x 10 4 . From Fig. A-20, K = 1.06 approximately. Q = (1.06/1.08)(10.01) = 9.82ft 3 /s. 

17.64 Water flows through a 4-in pipe at the rate of 0.952 cfs and thence through a nozzle attached to the end of the 
pipe. The nozzle tip is 2 in in diameter and the coefficients of velocity and contraction for the nozzle are 0.950 
and 0.930, respectively. What pressure head must be maintained at the base of the nozzle if atmospheric 
pressure surrounds the jet? 
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f Apply the Bernoulli equation between base of nozzle and jet. 

pJy + Vl/2g + z„ = P jl y + Vj/lg + Z, + h L A b V„ = A,V, = (QAi-JV, = 0.952 
V b = 0.952 IA h = 0.952/[(;rr)(£) 2 /4] = 10.91 ft/s 
V, = 0.952/(CA 2 . in ) = 0.952/{(0.930)[(.t)(A) 2 /4]} = 46.92 ft/s 
h L = (1/C 2 — l)(Vj/2g) 

pJy + 10.91 2 /[(2)(32.2)] + 0 = 0 + 46.92 2 /[(2)(32.2)] + 0 + (1/0.950 2 - l){46.92 2 /[(2)(32.2)]} 

p b l y = 36.0 ft of water 

17.65 A 4-in base diameter by 2-in tip diameter nozzle points downward and the pressure head at the base of the 
nozzle is 26.0 ft of water. The base of the nozzle is 3.0 ft above the tip and the coefficient of velocity is 0.962. 
Determine the horsepower in the jet of water. 

I Pj = QyH,. For a nozzle, unless C c is given, it may be taken as unity. Hence, V f = V,. 

Pb/Y + V 2 b /2g + z b = pJy + Vf/2g + z, + h L A„V„ = A,V, 

t(rr)(4 2 /4)](V„) = [(^)(2 2 /4)](K) V„ = VJA h L = (1/Cj - l)(V?/2g) 

26.0 + (V,/4) 2 /[(2)(32.2)j + 3.0 = 0 + V?/[(2)(32.2)] + 0 + (1/0.962 2 - 1){ Vf/[(2)(32.2)]} 

V, = 42.83 ft/s Q = A,V, = [(^r)( A) 2 /4](42.83) = 0.9344 ft 3 /s 
Hj = 0 + V?/[(2)(32.2)] + 0 = 42.83 2 /[(2)(32.2)] = 28.48 ft 
p. = (0.9344) (62.4) (28.48) = 1661 ft-lb/s = W = 3.02 hp 

17.66 A nozzle with a 4-in-diameter tip is installed in a 10-in pipe. Medium fuel oil at 80 °F flows through the nozzle at 
the rate of 3.49 cfs. Assume the calibration of the nozzle is represented by curve j3 = 0.40 on Fig. A-21. 

Calculate the differential gage reading if a liquid of specific gravity 13.6 is the gage liquid. 

I Q = A 4 V 4 = A 4 CV[2g(p A /y -p B /Y)]/ll ~ (A 4 /A, 0 ) 4 ] 

=A 4 cv[2g( PA /y -pb/ym i - aw ( 1) 

Figure A-21 indicates that C varies with Reynolds number: V 4 = Q/A 4 = 3.49/[jjr(i 2 ) 2 ] = 40.0 ft/s and 
N k = (40.0)(£)/ (3.65 x 10 5 ) = 365 000. Curv e for fi = 0.40 gives C = 0.993. Thus 3.49 = 
?-^(^) 2 (0-993)V[2g(p /4 /y -p s /y)]/[l - (n) 4 ] and (Pa/y ~ Pb/y) = 24.6 ft of fuel oil. Differential gage principles 
produce, using specific gravity of the oil = 0.851, 24.6 = /i[(13.6/0.851) - 1] and h = 1.64 ft (gage reading). 

17.67 Derive an expression for the flow of a compressible fluid through a nozzle flowmeter and a Venturi meter. 

f Since the change in velocity takes place in a very short period of time, little heat can escape and adiabatic 
conditions will be assumed. The Bernoulli theorem for compressible flow gives {[k/(k — l)](pi/yi) + (V 2 J2g) + 
Zi} ~H l = {[k/(k - l)](Pi/Yi)(p 2 /Piy k ~ m + (V 2 2 /2g) + z 2 }. 

For a nozzle meter and for a horizontal Venturi meter, z, = z 2 and the lost head will be taken care of by 
means of the coefficient of discharge. Also, since C c = 1.00, IT = y,A, V, = y 2 A 2 V 2 . Then upstream V t = 

W/y,Ai, downstream V 2 = W/y 2 A 2 . Substituting and solving for IV, W 2 /y 2 2 A\ — W 2 /y 2 A 2 = 2 g\k/(k — 
l)]0»./yi)[l - (P 2 /pX~ m ] or (ideal) W= [y 2 A 2 /Vl - (y 2 /Y^ 2 (A 2 /A,)W[2gk/(k - l)](p t /y,)[l -\p 2 lpi) (k ~ iVk }. 
It may be more practical to eliminate y 2 under the radical. Since y 2 /yi = (pi/pt)'^, 

(ideal) W = y 2 A 2 V[2gk/(k - l)](p,/y,)[l - {p.lpT '^j/Il - (AjA^pJp^} ( 1) 

The true value of IV in pounds per second is obtained by multiplying the right-hand side of the equation by 
coefficie nt C. From Eq . (1) of Prob . 17.66, the fol lowing equ ation may be written: W = yQ = 

[yA 2 C/Vl — (A 2 /A l ) 2 ]y/2g(Ap/y) or IV = yKA 2 \/2g{Ap /y). The above equation can be expressed more 
generally so that it will apply both to compressible and incompressible fluids. An expansion (adiabatic) factor Y 
is introduced and the value of y, at inlet is specified. The fundamental relation is then 

W = y 1 A^4 2 yV2g(Ap/y 1 ) (2) 

For incompressible fluids, Y = 1. For compressible fluids, equate expressions (1) and (2) and solve for Y. By 
so doing, 

y =vT[i - (a 2 m,) 2 ]/[i - (AjAjipjp^mmk - i)][i - { P2 /p l y k -' vk ](P2/p l r k /a -pM) 

This expansion factor Y is a function of three dimensionless ratios. Table A-18 lists some typical values for 
nozzle flowmeters and for Venturi meters. 
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17.68 Air at a temperature of 80 °F flows through a 4-in pipe and through a 2-in flow nozzle. The pressure differential 
is 0.522 ft of oil, s.g. = 0.910. The pressure upstream from the nozzle is 28.3 psi gage. How many pounds per 
second are flowing for a barometric reading of 14.7 psi, assuming the air has constant density. 

f y = p/RT, Yi = [(28.3 + 14.7)144]/[53.3(460 + 80)] = 0.215 lb/ft 3 . From differential gage principles, using 
pressure heads in feet of air, Ap/y 2 = 0.522[(y oil /y„ r ) - 1] = 0.522{[(0.910)(62.4)/0.215] - 1} = 137 ft of air. 

Assuming C = 0.980 a nd using equation (1) of Prob. 17.66 after multiplying by y,, we have W = y x Q = 
(0.215)(U)(^) 2 (0.980)V2g(137)/[l - (|) 4 ] = 0.445 Ib/s. 

To check the value of C, find Reynolds number and use the appropriate curve on Fig. A-21 (here y, = y 2 and 
v = 16.9 x 10“ 5 ft 2 /s at standard atmosphere).: V 2 = W/A 2 y 2 - Wl(jtdl/4)y 2 . Then N R - V 2 d 2 /v = 

4W / xd 2 vy 2 = 4(0.445)/[^(n)(16.9 x 14.7/43.0)10~ 5 (0.215)] = 274 000. 

From Fig. A-21, C = 0.986. Recalculating, W = 0.447 lb/s. 

Further refinement in calculation is not warranted inasmuch as the Reynolds number will not be changed 
materially, nor will the value of C read from Fig. A-21. 

17.69 Find Q for flow of water in a horizontal pipe of inside diameter D = 100 mm using a long-radius-type flow 
nozzle. The value of h for the manometer is 140 mm. The throat diameter of the nozzle is 60 mm. Take 

p = 999 kg/m 3 and v = 1.12 x 10 -3 m 2 /s. 

I P,-p 2 = A(y„ g -y„ 2 o) = 0.140(13.6 - 1)(999)(9.81) = 17.300 kPa ( 1 ) 

C d = 0.99622 + 0.00059D - (6.36 + 0.13 D - 0.24/3 2 )(1/Va/r) 

(C,) no2 = [0.99622 + 0.00059(10.0/2.54)] - [6.36 + 0.13(10.0/2.54) - (0.24)(0.6 2 )](1 /Va^) 

= 0.998 — 6.785(1/\/Ar) ' (2) 

= (C rf WM2[( Pl -p 2 )/p]/[ 1 - (AJA,) 2 ]} 112 = (C d ) noz A 2 {2[{p x -p 2 )/p]/( 1 - /3 4 )} 1 ' 2 
A 2 V 2 = [0.998 - 6.785(1/VNr)](A 2 )[2(17 300/999)/(l - 0.6 4 )] ,/2 

This equation becomes 

V 2 = (0.998 - 6.785/VpV l d/p)(6.31) = (0.998 - {6.785/V[(999)(V,)(0.60)]/(1.12 x 10- 3 )})(6.31) 

(3) 

From continuity, 

v 2 =m 2 v, (4) 

Therefore, substituting for V 2 in Eq. (3) using Eq. (4), Vi = [0.998 — (0.0293/Vv^)](2.77). Solving by trial and 
error we get Vi = 2.22 m/s. The Reynolds number is then N R = [(999)(0.060)(2.22)/(1.12 x 10 -3 )] = 1.189 x 10 s . 
We are well within the range of Eq. (2), so we get Q = [(tt)( 0.100 2 )/4](2.22) = 0.01744 m 3 /s. 

17.70 Determine the flow through a 6-in-diameter water line that contains a 4-in-diameter flow nozzle. The 
mercury-water differential manometer has a gage difference of 10 in. Water temperature is 60 °F. 

# Q = CA 2 \/2gR'(S u /S 1 — 1). From Fig. A-22, for A 2 !A X = (|) 2 = 0.4444, assume that the horizontal region of 
the curves applies. Hence, C = 1.056. 

Q = (1.056)[(jt)(i 3) 2 /4] V(2)(32.2)([§)[(13.6/1) - 1] = 2.40 ft 3 /s 
V=Q/A= 2.40/[(jr)(^) 2 /4] = 12.22 ft/s 
N r = pDVIp = (1.94)(n)(12.22)/(2.35 x 10~ 5 ) = 5.04 x 10 5 
Figure A-22 shows the value of C to be correct; therefore, the discharge is 2.40 ft 3 /s. 

17.71 Air flows through a 100-mm-diameter ISA flow nozzle in a 150-mm-diameter pipe, p, = 140 kPa abs; 7i = 10 °C; 
and a differential manometer with liquid of s.g. 2.80 has a gage difference of 0.9 m when connected between 
taps. Calculate the mass rate of flow. [MW of air = 29.] 

| m = pQ = pCYA 2 \j2 A pip p = p/RT = 0.140/[(8.312/29)(10 -I- 273)] = 1.726 kg/m 3 

A 2 /A, = (p 2 l D,) 2 = (]®) 2 = 0.4444 
From Fig. A-22, C is assumed to be 1.055. 

p 2 =P\ — y Alt = 140 - (9.79)(2.80)(0.9) = 115.3 kPa 
p 2 /p, = 115.3/140 = 0.824 DJD X = ii = 0.667 
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From Fig. A-26, Y = 0.875. 

A 2 = (jr)(0.100) 2 /4 = 0.007854 m 2 

m = (1.726)(1.055)(0.875)(0.007854)V(2)(140 - 115.3)(1000)/1.726 = 2.12 kg/s 
N r = pDV I n V = rh/pA A t = (jt)( 0.150) 2 /4 = 0.01767 m 2 

V, = 2.12/[(1.726)(0.01767)] = 69.51 m/s 
= (1.726)(0.150)(69.51)/(1.77 x 10“ 5 ) = 1.02 x 10 6 
From Fig. A-22, assumed C = 1.055 is O.K.; hence, m = 2.12 kg/s. 

17.72 A 3.5-in-diameter ISA nozzle is used to measure flow of water at 50 °C in a 9-in-diameter pipe. What gage 
difference on a water-mercury manometer is required for 400 gpm? 

I R' = Ap/[(y)(S 0 /Si - 1)] Ap = (p/2)(Q/CA 2 f AJA X = (3.5/9) 2 = 0.1512 

V ; = QM, = (400)(0.002228)/[(ar)(^) 2 /4] = 2.017 ft/s 
(A R ), = V.zy V, = (2.017)(£)/(1.40 x 10” 5 ) = 1.08 x 10 5 

From Fig. A-22, C = 0.995. 

A 2 = (jr)(3.5/12) 2 /4 = 0.06681 ft 2 
A p = (1.94/2){(400)(0.002228)/[(0.995)(0.06681)]} 2 = 174.3 lb/ft 2 
R' = 174.3/{(62.4)[(13.6/1) - 1]} = 0.2217 ft or 2.66 in 

17.73 We want to meter the volume flow of water (p = 1000 kg/m 3 , v = 1.02 x 10 -6 m 2 /s) moving through a 
200-mm-diameter pipe at an average velocity of 2.0 m/s. If the differential pressure gage selected reads 
accurately at p, — p 2 = 50 kPa, what size meter should be selected for installing a long-radius flow nozzle? What 
would be the nonrecoverable head loss? 

f Here the unknown is the P ratio of the meter. Since the discharge coefficient is a complicated function of P, 
iteration will be necessary. We are given £)=0.2m and V, = 2.0m/s. The pipe-approach Reynolds number is 
thus N r = V t D/v = (2.0)(0.2)/(1.02 x 10~ 6 ) = 392 000. The generalized formula gives the throat velocity as 
V, = VJP 2 = a[2(p x -p 2 )/p] 1/2 where everything is known except a and p. Solve for p 2 : 

P 2 — (1/ a)(pV 2 /2 Ap) 1/2 (1) 

With V, = 2.0 m/s and Ap = 50 000 Pa, p 2 = (l/or){(1000)(2.0) 2 /[2(50 000)]} 1/2 = 0.2/a- or 

P = 0.447/a 1/2 (2) 

The solution depends only on getting the proper flow coefficient. A good guess for flow-nozzle design is a = 1.0. 
Iterate Eq. (2) and list the results: 


a 

p, Eq. (2) 

C d , Fig. A-23 

£=a-p 4 r 1/2 

a=EC d 

1.0 

0.447 

0.9895 

1.0206 

1.0099 

1.0099 

0.445 

0.9895 

1.0202 

1.0095 

1.0095 

0.445 





Convergence is rapid to p = 0.445, d = PD = 89 mm. The throat velocity is 2.0/(0.445) 2 = 10.1 m/s; the throat 
head is (10.1) 2 /[2(9.81)] = 5.2 m. From Fig. A-24 for the nozzle read K m ~ 0.7. Then the nozzle loss is 
h m = 0.7(5.2 m) = 3.6 m. 

17.74 Gasoline at 20 °C flows at 80 L/s through a 200-mm-diameter pipe and is metered by a 100-mm-diameter nozzle. 
What is the expected pressure drop across the nozzle? (p = 680 kg/m 3 ; v = 4.29 x 10 7 m 2 /s) 

f Q — C d A,[{2 Ap/p)/(l — /J 4 )] ,/2 C d = 0.9965 - 0.00653/3 1/2 [107(A R ) D ]'' 2 

P = d/D = 100/200 = 0.500 N r = DV/v V = Q/A = 80 x 10~ 3 /[(jr)(0.200) 2 /4] = 2.546 m/s 
(N r ) d = (0.200)(2.546)/(4.29 x 10” 7 ) = 1.19 x 10 6 
C d = 0.9965 - (0.00653)(0.500) ,,2 [107(1 19 x 10 6 )] 1/2 = 0.9923 
80 x 10~ 3 = (0.9923)[(ar)(0.100) 2 /4][(2 Ap/680)/(l -0.500 4 )] l/2 Ap =33.59kPa 
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17.75 Ethyl alcohol at 20 °C flowing in a 100-mm-diameter pipe is metered through a 60-mm-diameter nozzle. If the 
measured pressure drop is 55 kPa, calculate the volume flow, (p = 789 kg/m 3 ; v = 1.52 x 10 -6 m 2 /s) 

I Q = C d A ,[(2 Ap/p)/(l - /5 4 )] 1 ' 2 Estimate C d = 0.99. 

/3 = d/D = 60/100 = 0.600 

Q = (0.99)[(jt)(0.060) 2 /4]{[(2)(55 000)/789]/(l - 0.600 4 )} 1 ' 2 = 0.03543 m 3 /s 
C d = 0.9965 - 0.00653/3 1/2 [10 6 /(N r ) d ] 1/2 N r = DV/v 
V = Q/A = 0.03543/[(jt)(0. 100) 2 /4] = 4.511 m/s 
(. N r ) d = (0.100)(4.511)/(1.52 x 10 6 ) = 2.97 x 10 5 
C d = 0.9965 - (0.00653)(0.600) 1/2 [107(2.97 x 10 5 )] 1/2 = 0.9872 
Q = (0.9872)[(jr)(0.060) 2 /4]{[(2)(55 000)/789]/(l - 0.600 4 )} 1 ' 2 = 0.03533 m 3 /s = 127 m 3 /h 

17.76 Kerosene at 20 °C flows at 23 m 3 /h in a 100-mm-diameter pipe. The flow is to be metered by an ISA 1932 flow 
nozzle so that the pressure drop is 8 kPa. What is the necessary nozzle diameter? (p = 804 kg/m 3 ; 

v = 2.39 x 10~ 6 m 2 /s) 

I Q = C d A,(P) 2 [(2 Ap/p)/(l - /3 4 )] 1 ' 2 . Estimate C d = 0.99. 

23/3600 = (0.99)[(jt)( 0. 100) 2 /4](/3) 2 {[(2)(8000)/804]/(l - /3 4 )} 1/2 
/3 = 0.426 C d = 0.9965 — 0.00653/8 1/2 [10 6 /(A7«) o ] 1/2 
N r = DV/v V = Q/A = (23/3600)/[(;r)(0.100) 2 /4] = 0.8135 m/s 
(N„) d = (0.100)(0.8135)/(2.39 x 10 6 ) = 3.40 x 10 4 
C d = 0.9965 - (0.00653)(0.426) 1,2 [10 6 /(3.40 x 10 4 )] 1 ' 2 = 0.9734 
23/3600= (0.9734)[(^)(0.100) 2 /4](/3) 2 {[(2)(8000)/804]/(l - /T)} ,/2 
p — 0 .430 d noz2lQ = PD — (0.430)(100) = 43 mm 

17.77 Water flows from a large tank through an orifice and discharges to the atmosphere, as shown in Fig. 17-15. The 
coefficients of velocity and contraction are 0.96 and 0.62, respectively. Find the diameter and actual velocity in 
the jet and the discharge from the orifice. 



Fig. 17-15 


I C c = a/A 0.62 = a/[(jr)(*) 2 /4] a = 0.01353 ft 2 

(jr)(D jet ) 2 /4 = 0.01353 Z) jet = 0.1313 ft or 1.58 in 

In order to determine the actual velocity in the jet, the discharge from the orifice wi ll be determined next: 

C = C c C v = (0.96)(0.62) = 0.595, Q = CA'Jlgh = (0.595)[(jr)(£) 2 /4]V(2)(32.2)(10) = 0.329 ft 3 /s, v = Q/a = 
0.329/0.01353 = 24.3 ft/s. 

17.78 Oil discharges from a pipe through a sharp-crested, round orifice, as shown in Fig. 17-16. The coefficients of 
contraction and velocity are 0.62 and 0.98, respectively. Find the discharge from the orifice and the diameter 
and actual velocity in the jet. 
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I Q = CAV2g( Pl /y)/Vl - C 2 (D/D P Y C = C v C c = (0.98)(0.62) = 0.608 

pjy + 2.5 - (13.6/0.84)(7.2/12) = 0 pjy = 7.21 ft of oil 
Q = (0.608)[(jt)(^) 2 /4]V(2)(32.2)(7.21)/V1 - (0.608) 2 (£) 4 = 0.644 ft 3 /s 
C c = a/A 0.62 = a/[(^r)(n) 2 /4] a = 0.03043 ft 2 
(n)(D ict ) 2 /4 — 0.03043 £> jet = 0.1968 ft or 2.36 in 
v = Q/a= 0.644/0.03043 = 21.2 ft/s 

17.79 Oil flows through a pipe as shown in Fig. 17-17. The coefficient of discharge for the orifice in the pipe is 0.63. 
What is the discharge of oil in the pipe? 



I Q = C4V2g[(p,—p 2 )/y][l + (C72)(D/D p ) 4 ] A = (ar)(0.100)74 = 0.007854 m 2 

Pi/y+y +0.350 — (13.6/0.91)(0.350) — y = p 2 /y (pi - pi)/ Y = 4.881 m of oil 

Q = (0.63)(0.007854)V(2)(9.807)(4.881)[1 + (0.63 2 /2)(^) 4 ] = 0.0487 m7s 

17.80 The tank shown in Fig. 17-18a has the form of a frustum of a cone with dimensions as shown in the figure. The 
bottom of the tank contains an orifice that has a coefficient of discharge of 0.62. The tank contains water to its 
depth of 3.5 m. Find the diameter of the orifice needed to empty the tank in 8 min. 

f dt = A, dh/CA'Jlgh. Rearranging this equation gives 

CA\/2ghdt = A s dh (1) 

In order to solve this problem, A, must be expressed as a function of the water depth, h. This can be 
accomplished as follows: By observing Fig. 17-186, it is evident that y/(y + 3.5) = 1.5/3, y = 3.5; x/1.5 = 

(3.5 + h)/(3.5 + 3.5), 

x =0.7500 + 0.2143/* (2) 

A — (n)(p) 2 /4 = 0.7854Z) 2 

A, = ax 2 ( 3) 
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(b) Fig. 17-18 

Substituting Eq. (2) into Eq. (3) gives A, = (jt)(0.7500 + 0.2143ft) 2 . Therefore, substituting into Eq. (1), 
(0.62)(0.7854D 2 )V(2)(9.807 )h m dt = (jr) (0.7500 + 0.2143ft) 2 dh 
2.157 D 2 h m dt = (1.767 + 1.010ft + 0.1443ft 2 ) dh 
2.151 D 2 = (1.767ft _1/2 + 1.010ft 1/2 + 0.1443/i^) dh/dt 

= |J (1.767A- 1/2 -H 1.010A 122 0.1443/r 322 ) dt ) 

= [3.534 h m + 0.6733ft 3/2 + 0.05772ft 5/2 £ 5 /[f]r 
= 12.34/480 

D = 0.109 m or 109 mm 
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17.81 A rectangular tank is divided by a partition into two chambers, as shown in Fig. 17-19a. A 6-in-diameter orifice, 
for which C is 0.65, is located near the bottom of the partition. At a certain time, the water level in chamber A 
is 10.0 ft higher than that in chamber B. Find the time it will take for the water surfaces in the two chambers to 
be at the same level. 



6-in-diameter, sharp-edged orifice 
C = 0.65 



Fig. 17-19 


f dV = CA\j2gh dt. Let h — difference in elevations of the two water levels at any time, dh = change in h in 
time dt, and dV = volume of water flowing into chamber B in time dt. As illustrated in Fig. 17-196, during a 
time dt, the water level in chamber A drops an amount indicated by dh A while the level in chamber B rises an 
amount indicated by dh B . During the same time, the difference in elevations of the two water levels decreases 
from hi to h 2 . The volume of water leaving chamber A equals the volume entering chamber B. Hence, 

(6)(24)(dh A ) = (6)(8)(dh B ) ( 

dh B = 3.Q0dh A 


Also from Fig. 17-196, 

dh = dh A + dh B (2) 

Substituting Eq. (1) into Eq. (2) gives dh = dh A + 3.00 dh A = 4.00 dh A or dh A = 0.250 dh, dV = 

(0.25(W6)(24)(6) = 36.0 dh, A = (jt)(0.5) 2 /4 = 0.1963 ft 2 , 36.0 dh = (0.65)(0.1963)V(2)(32.2)/i 1/2 dt, 

35.16h~ m dh = dt, 

f dt = 35.16 f * V 1/2 dh [f]S = 35.16[26 1,2 ]^° t = 222 s 

Jo Jo 

17.82 Water flows from a large tank through an orifice and discharges to the atmosphere, as shown in Fig. 17-15, but 
the diameter of the orifice is 3 in and the head is 15 ft. The coefficients of velocity and contraction are 0.97 and 
0.61, respectively. Find the diameter and actual velocity in the jet and the discharge from the orifice. 
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I C c = a/ A 0.61 = a/f(^)(^) 2 /4] a =0.02994 ft 2 

(jr)(D jet ) 2 /4 = 0.02994 D jet = 0.1952 ft or 2.34 in 

In order to determine the actual velocity in the jet, the discharge from the orifice wi ll be determined next: 

C = C c C v = (0.97)(0.61) = 0.592, Q = CAy/l^h = (0.592)[(rr)(^) 2 /4]V(2)(32.2)(15) = 0.903 ft 3 /s, v = Q/a = 
0.903/0.02994 = 30.2 ft/s. 

17.83 Oil with a specific gravity of 0.86 discharges from a 250-mm-diameter pipe through a 100-mm-diameter 
sharp-edged orifice, as shown in Fig. 17-20. Coefficients of velocity and contraction are 0.98 and 0.63, 
respectively. Determine the discharge of oil in the pipe, diameter of the jet, and velocity of oil in the jet. 

100-mm-diameter, sharp-edged orifice 



I Q = G4V2g(p,/y)/Vl - C 2 (D/D„ ) 4 C = C„C c = (0.98)(0.63) = 0.617 

pJy + 0.760 - (13.6/0.86)(0.290) = 0 pjy = 3.826 m of oil 

Q = (0.617)[(jr)(0.100) 2 /4]V(2)(9.807)(3.826)/Vl - (0.617) 2 (0.100) 4 = 0.0420 m 3 /s 
C c = at A 0.63 = «/[(jt)(0. 100) 2 /4] a = 0.004948 m 2 

(jr)(D je ,) 2 /4 = 0.004948 D je , = 0.0794 m or 79.4 mm 
v = Q/a = 0.0420/0.004948 = 8.49 m/s 

17.84 Oil flows in the pipe shown in Fig. 17-21. The orifice in the pipe has a coefficient of discharge of 0.64. Compute 
the discharge of the oil in the pipe. 



Fig. 17-21 
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I Q = C4V2g( Pl - p 2 )ly[ 1 + (C 2 /2)(D/D P ) 4 ] A = (jt)(^) 2 /4 = 0.04909 ft 2 

pjy + y + 15.2/12 - (13.6/0.86)(15.2/12) -y = p 2 /y (Pi -p 2 )/y = 18.76ft of oU 
Q = (0.64)(0.04909)V(2)(32.2)(18.76)[1 + (0.64 2 /2)(^) 4 ] = 1.09 ft 3 /s 

17.85 The water tank shown in Fig. \l-22a has the form of the frustum of a cone. The diameter of the top of the tank 
is 12 ft, while that at the bottom is 8 ft. The bottom of the tank contains a round, sharp-edged orifice, which has 
a diameter of 4 in. The discharge coefficient of the orifice is 0.60. If the tank is full at a depth of 10.0 ft, as 
shown in Fig. 17-22a, how long will it take to empty the tank? 



(a) 



(b) 


Fig. 17-22 
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I dt = A, dh/(CA\/2ghj. From Fig. 17-226, 

y/(y + 10) = £ >=20 ft 4/12 = (20 + 6)/30 4 = 8 + 0.46 

A = (;r)(n) 2 /4 = 0.08727 ft 2 A, = jt 4 2 /4 = (ar)(8 + 0.46) 2 /4 = 50.27 + 5.0276 + 0.12576 2 
dt = (50.27 + 5.0276 + 0.12576 2 ) 46 /[(0.60)(0.08727)V(2)(32.2)(6)] = (119.66 172 + 11.966 1/2 + 0.29916“) 46 

r‘ r 10 

I 4/= I (119.66-“ +11.966 1/2 + 0.29916 3/2 ) 46 
Jo Jo 

[f]J, = [239.26 1/2 + 7.9736“ + 0.11966 5/2 ]J° t = 1046.4 s = 17.44 min 

17.86 A rectangular water tank is divided by a partition into two chambers, as shown in Fig. 17-23a. In the bottom of 
the partition is a round, sharp-edged orifice with a diameter of 150 mm. The coefficient of discharge for the 
orifice is 0.62. At a certain instant, the water level in chamber B is 2.5 m higher than it is in chamber A. How 
long will it take for the water surfaces in the two chambers to be at the same level? 



(6) Fig. 17-23 

f dV = CAyJlgh dt. From Fig. 17-236, 

(2)(7.5)(46 fl ) = (3)(2)(46„) dh A = 2.5 dh B 
dh = dh A + dh B = 2.5 dh B + 46 s = 3.5 dh B dh B = 0.2857 46 

dV = (46 s )(7.5)(2.0) = (0.2857 46)(15) = 4.286 46 A = (jt)( 0. 150) 2 /4 = 0.01767 m 2 
4.286 46 = (0.62) (0.01767) V(2) (9.807) (6) dt = 0.048526 dt dt = 88.336““ 46 
r' r 2 - 5 

j 4f = I 88.336-“ 46 [f](, = [176.666“]g 5 t = 279 s 

Jo Jo 

17.87 A 2-in circular orifice (not standard) at the end of a 3-in-diameter pipe discharges into the atmosphere a 

measured flow of 0.60 cfs of water when the pressure in the pipe is 10.0 psi, as shown in Fig. 17-24. The jet 
velocity is determined by a Pitot tube to be 39.2 fps. Find the values of the coefficients C v , C c , C d . Find also the 
head loss for inlet to throat. 
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Fig. 17-24 


f Define the inlet as section 1 and the throat as section 2. p,/y = 10(144/62.4) = 23.1 ft, V, = Q/A, = 
0.60/0.0491 = 12.22 fps, V\/2g = 2.32 ft. Express the ideal energy equation from 1 to 2 to determine the ideal 
velocity at 2: (pjy) + (V 2 J2g) = Vf/2g, 23.1 - 2.3 = Vl/2g, (V 2 ) ideal = 40.4 fps, C = V/K = 39.2/40.4 = 0.97. 
Area of jet: A 2 = QlV = 0.60/39.2 = 0.0153 ft 2 , C c = AJA 0 = 0.0153/0.0218 = 0.70. Hence, C rf = C c C„ = 0.68, 
V* = [(1/CJ) - 1][1 - (A 2 /A 1 ) 2 ](Vl/2g) = {[1/(0.97) 2 ] - 1}[1 - (§) 4 ](V 2 /2g) = 

0.051(V 2 /2g) = 0.051[(39.2) 2 /64.4] = 1.22 ft. As a check, determine the actual velocity at 2 by expressing the 
real energy equation from 1 to 2: (pjy) + (Vl/2y) - h Ltl = Vl/2g, 23.1 + 2.3 - 1.2 = V\l2g, (V 2 ) actua , = 

39.5 fps, which is a good check. A better check would result if all numbers were carried out to more places. 

17.88 Water issues from a circular orifice under a head of 45 ft. The diameter of the orifice is 4.5 in. If the discharge is 
found to be 740 ft 3 in 3.4 min, what is the coefficient of discharge? If the diameter at the vena contracta is 
measured to be 3.54 in, what is the coefficient of contraction and what is the coefficient of velocity? 

I Q = C d A n (2gh) la 740/[(3.4)(60)] = (C d )[(^)(^) 2 /4][(2)(32.2)(45)] 1 ' 2 C„ = 0.610 

C c = A Mo = [M)(3.54) 2 /4]/[M)(4.5) 2 /4] = 0.619 C„ = CJC c = 0.610/0.619 = 0.985 


17.89 A jet discharges from an orifice in a vertical plane under a head of 16 ft. The diameter of the orifice is 2.0 in, 

and the measured discharge is 0.42 cfs. The coordinates of the centerline of the jet are 15.39 ft horizontally from 
the vena contracta and 4.0 ft below the center of the orifice. Find the coefficients of discharge, velocity, and 
contraction. 

I V = (x)(g/2z) 112 = (15.39) {32.2/[(2)(4.0)]} 1/2 = 30.88 ft/s = (C v )(2gh) m 

30.88 = (C„)[(2)(32.2)(16)] 1/2 C v = 0.962 
Q = C d A 0 (2gh) m 0.42 = (C d )[M)(2.0/12) 2 /4][(2)(32.2)(16)]’ a C d = 0.600 
C„ = CJC c 0.962 = 0.600/C C c = 0.624 


17.90 In Fig. 17-25, the Pitot tube in a water jet at elevation 120 ft registers a pressure of 22.7 psi. The orifice at the 
bottom of the large open tank has a diameter of 1.50 in. Find C c and C„ of the orifice. Neglect air resistance. 
The flow rate is 0.39 cfs. 



f V\!2g —pjy = (22.7)(144)/62.4 = 52.38 ft V|/[(2)(32.2)] = 52.38 V, = 58.08 ft/s 

A 3 = Q/V 3 = 0.39/58.08 = 0.006715 ft 2 
V' 2 ct /[(2)(32.2)] + 135 = (22.7)(144)/62.4 + 120 V iet = 49.07 ft/s 
V idcal = (2 gh)' 12 = [(2)(32.2)(176 - 135)] 1 ' 2 = 51.38 ft/s 
C = ViJV^ = 49.07/51.38 = 0.955 

^je, = CM 2 F ie , = A 3 F 3 (C)[M)(t!) 2 /4](49.07) = (0.006715)(58.08) C = 0.648 
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17.91 Water flows from one tank to an adjacent tank through a 60-mm sharp-edged orifice. The head of water on one 
side of the orifice is 2.9 m and that on the other is 0.7 m. Assuming C c = 0.63 and C v = 0.96, calculate the flow 
rate. 

I Q = C c C v A(2gh) m = (0.63)(0.96)[(jt)( 0.060) 2 /4][(2)(9.807)(2.9 - 0.7)] ,/2 = 0.0112 m 3 /s 

17.92 Repeat Prob. 17.63 for a VDI orifice. 

I Q = KA 2 y/(2g)(14.91R') (from Prob. 17.63) 

Let K - 0.70 (see Fig. A-25): Q = (0.70)[(.t)( ^) 2 /4]V(2)(32.2)[(14.91)(5.5/12)] = 6.49 ft 3 /s. Check N R to 
confirm that the assumed K is applicable. 

V = Q/A = 6.49/[0t)(£) 2 /4] = 14.69 ft/s N* = DV/v = (&)(14.69)/0.00034 = 3.24 x 10 4 

D 0 /D, = 0.70 (from Prob. 17.63) 

From Fig. A-25, K = 0.72, approximately, Q = (0.72/0.70)(6.49) = 6.68 ft 3 /s. 

17.93 Helium, for which k = 1.66 and R = 12 420 ft-lb/(slug-°R), is in a tank under a pressure of 60 psia and a 
temperature of 60 °F. It flows out through an orifice 0.6 in in diameter. For such an orifice, C„ = 0.98 and 
C c = 0.62 for liquids. Find the rate of flow if the pressure -into which the gas discharges is 48 psia. Assume 
7 = 0.95. 

I G = CYA 2 y/2gy l {(p x — p 2 )/[l - (D 2 /D,) 4 ]} C = C c C v = (0.62)(0.98) = 0.608 

y = 0.95 (from Fig. A-26) 

y, = pJRT = (60)(144)/[(12 420/32.2)(60 + 460)] = 0.04308 lb/ft 3 
G = (0.608)(0. 95)[(jt)( 0. 6/12) 2 /4] V(2)(32.2)(0.04308)[(60 - 48)(144)/(1 - 0)] = 0.0785 lb/s 

17.94 For the data in Prob. 17.93, find the rate of discharge if p 2 = p c . 

I G = CYA 2 ^2gy x {(pi- p 2 )/[l - (D 2 /D,) 4 ]} 

p 2 =p c = 0.488p, = (0.488)(60) = 29.3psia 7 = 0.85 (from Fig. A-26) 

Using data from Prob. 17.93, for D 0 /D, — 

G = (0.608)(0.85)[(nr)(0.6/12) 2 /4] V(2)(32.2)(0.04308)[(60 - 29.3)(144)/(1 - 0)] = 0.112 lb/s. 

17.95 Air is in a tank under a pressure of 1350 kPa abs and a temperature of 90 °C. It flows out through an orifice 
having an area of 8 cm 2 into a space where the pressure is 660 kPa abs. Compute the mass flow, assuming 
C d = 0.60. 

f m = CYA 7 \j2p,{(p, -p 2 )/[ 1 - (D 2 /D,) 4 ]} 7 = 0.85 (from Fig. A-26) 

p, = pJRT ; = 1350/[(0.287)(90 + 273)] = 12.9 kg/m 3 
m = (0.60)(0.85)(8 x 10 4 )V(2)(12.9)[(1350 - 660)(1000)/(1 - 0)] = 1.72 kg/s 

17.96 Using the same data as in Prob. 17.95, what would be the flow if the air discharged into a space where the 
pressure is 125 kPa abs? 

I Withp 2 = 125 kPa, D 0 /D, = 0, p 2 /p, = 125/1350 = 0.093, Y = 0.73; hence, 

m = (0.60)(0.73)(8 x 10 4 )V(2)(12.9)[(1350 - 125)(1000)/(1 - 0)] = 1.97 kg/s 

17.97 Air in a tank at 1600 kPa abs and 70 °C flows out through a 60-mm-diameter orifice into a space where the 
pressure is 600 kPa abs. Compute the rate of discharge assuming C d = 0.60. 

I P 2 /P 1 = 600/1600 = 0.375. Since p 2 /P\ < 0.528, sonic velocity occurs at the throat and 
m = C d {A 2 pJyjT x )\/(k /R)[2/(k + l)]<* + »'<*-». 

A 2 = (tt)( 0. 060) 2 /4 = 0.002827 m 2 

m = (0.60)[(0.002827)( 16 x 10 5 )/V70 + 273]V(1.40/287)[2/(1.40 + i)]<> «+i)/<i.4o-d = 5 92 kg / s 
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17.98 A 4-in-diameter standard orifice discharges water under a 20.0-ft head as shown in Fig. 17-26. What is the flow? 


Fig. 17-26 

I Q = CA 0 \/2gh. From Table A-19, C = 0.594, Q = (0.594)[(tt)(£) 74]V(2)(32.2)(20.0) = 1.86ft 3 /s. 


17.99 The actual velocity in the contracted section of a jet of liquid flowing from a 2-in-diameter orifice is 28.0 ft/s 
under a head of 15 ft. (a) What is the value of the coefficient of velocity? (b) If the measured discharge is 
0.403 cfs, determine the coefficients of contraction and discharge. 

I (a) ^actual C v ^2gH 28.0 = C„V(2)(32.2)(15) C„ =0.901 

(6) Qac,u., = G4\^ff 0.403 = (C)[(;r)(£) 2 /4]V(2)(32.2)(15) C = 0.594 

C = C„C c 0.594 = 0.901 C c C c = 0.659 


17.100 Oil flows through a standard 1-in-diameter orifice under an 18.0-ft head at the rate of 0.111 cfs. The jet strikes a 
wall 5.00 ft away and 0.390 ft vertically below the centerline of the contracted section of the jet. Compute the 
coefficients. 

I Q = CA'JlgH 0.111 = (C)[(^)(^) 2 /4]V(2)(32.2)(18.0) C = 0.598 V = C v VZgH 

Letting x and y represent the coordinates of the jet as measured, from kinematic mechanics, x — Vt, y = gf 2 /2. 
Eliminating t gives 

x 2 = (2V 2 /g)(y) 5.00 2 = (2F 2 /32.2)(0.390) V = = 32.13 ft/s 

32.13 = C„V(2)(32.2)(18.0) C„ =0.944 C = C c C v 0.598 = (0(0.944) C c = 0.633 


17.101 The tank in Prob. 17.98 is closed and the air space above the water is under pressure, causing the flow to 
increase to 2.65 cfs. Find the pressure in the air space. 

f Q = CAoVlgH. Table A-19 indicates that C does not ch ange appreciably at the range of head under 
consideration. Using C = 0.593, 2.65 = (0.593)[(jt)((i) 2 /4]V(2)(32.2)(20 + ply), ply = 20.72 ft of water,/?' = 
yh = (62.4)(20.72)/144 = 8.98 lb/in 2 . 

17.102 Oil of specific gravity 0.720 flows through a 3-in-diameter orifice whose coefficients of velocity and contraction 
are 0.950 and 0.650, respectively. What must be the reading of gage A in Fig. 17-27 in order for the power in 
the jet C to be 8.00 hp? 

I Paly + n/2g + z fl =p c /y + V 2 cl2g + z c + h L P jet = yQH ict = (y)(CA o V jet )(0 + V 2 J2g + 0) 
(8.00)(550) = t(0.720)(62.4)](0.650)[(rr)(^) 2 /4](y jet ){F 2 et /[(2)(32.2)]} 

V jet =V c = 58.25 ft/s h L = (1/C, - l)(V 2 et /2g) 

P/,/[(0.720)(62.4)] + 0 + 9.0 = 0 + 58.25 2 /[(2)(32.2)j + 0 + (1/0.950- l){58.25 2 /[(2)(32.2)]} 

p A = 2087 lb/ft 2 or 14.5 lb/in 2 
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Fig. 17-27 


17.103 Water at 100 °F flows at the rate of 0.525 cfs through a 4-in diameter orifice used in an 8-in pipe. What is the 
difference in pressure head between the upstream section and the contracted section (vena contracta section)? 

f In Fig. A-27, it is observed that C' varies with the Reynolds number. Note that the Reynolds number must 
be calculated for the orifice cross section, not for the contracted section of the jet nor for the pipe section. This 
value is N r = V 0 DJv = (4Q/ nD 2 0 )DJ v = 4Q/vnD 0 = 4(0.525)/[*r(0.00000739)(£)] = 272 000. Figure A-27 for 
P = 0.500 gives C' = 0.604. 

Applying the Bernoulli theorem, pipe section to jet section, produces the general equation for incompressible 
fluids, as follows: [(p 8 /y) + (V 8 /2g) + 0] - [(1/C") - \]{V]J2g) = [(p je ,/y) + (V]J2g) + 0] and Q = A a V s = 
(C c A 4 )V lct . 

S ubstituting for V s in terms of V ict an d solving, V]J2g = C 2 v {(p s /y ~Pi Jy)/\l - C 2 (A 4 /A 8 ) 2 1) or V le ,= 
C„\j2f>( pjy - pjy)!\\ - C 2 (DJI\n The n Q = A jet V jet = (C c A 4 )(C v )y/2g(p g /y-p-Jy)/[ 1- C 2 (D 4 /D g ) 4 ] 

= CA 4 sj2g{pJy - p t J y)/[ 1 - C\D 4 ID g y\ 

More conveniently, for an orifice with velocity of approach and a contracted jet, the equation can be written 

Q = [C'A 4 /Vl - (DJD s yW2g(Ap/y) (1) 

or Q = KA 4 V2g{KpJyj (2) 

where K is called the flow coefficient. The meter coefficient C' may be determined experimentally for a given 
ratio of diameter of orifice to diameter of pipe, or the flow coefficient K may be preferred. 

Proceeding with the solution by substituting in Eq. (1), 


0.525 = 


(0.604)[(^)(A) 2 /4] 


n-ar 


j( 2)(32.2)^—j — = 1.44 ft of water 


17.104 For the pipe orifice in Prob. 17.103, what pressure difference in pounds per square inch would cause the same 
quantity of turpentine at 68 °F (s.g. = 0.862, v = 0.0000186 ft"/s) to flow? 

f Q = [C'A 4 N 1 - (D 4 /D 8 ) 4 ]V2g(Ap/y) 

V = Q/A = 0.525/[(;r)(£) 2 /4] = 6.016 ft/s N R = DV/v = (£)(6.016)/0.0000186 = 1.08 x 10 5 

From Fig. A-27, for p = 0.500, C' = 0.607. 


05 ~ (0.607)[(nr)(^) 2 /4] / f T 

°- 525 " Vwl?-V ( 2 >^ 32 ‘ 2 > L (0.862) (62.4) J 


VI - (I) 4 V wv • / L(0.862)(62.4)J 
p = 76.9 Ib/ft 2 or 0.534 lb/in 2 

17.105 Determine the flow of water at 70 °F through a 6-in orifice installed in a 10-in pipeline if the pressure head 
differential for vena-contracta taps is 3.62 ft of water. 

I Q = [C'Ae/Vl - (D 6 /Ao) 4 ]V2g(Ap/y) 

The value of C' cannot be found inasmuch as the Reynolds number cannot be computed. Referring to Fig. 
A-27, for p = 0.600, a value of C' will be assumed at 0.610. Using this assumed value, 

Q = v ( 2 X 32 - 2 )( 3 - 62 ) = L96 ft3 / s 

V = Q/A = 1.96/[(n:)(^) 2 /4] = 9.982 ft/s N R = DV/v = (&)(9.982)/0.00001059 = 4.71 x 10 5 
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From Fig. A-27, for = 0.600, C' = 0.609. 

Q = ( °^ [ g^ 4] V(2)(32.2)(3.62) = 1.96 ft 3 /s 

17.106 Carbon dioxide discharges through a |-in hole in the wall of a tank in which the pressure is 110 psig and the 
temperature is 68 °F. What is the velocity in the jet (standard atmosphere)? 

I Yi = Pi/RT, = (110 + 14.7)(144)/[(35.1)(68 + 460)] = 0.9689 lb/ft 3 

(pM riticai = [2/(k + l)]* /( *-‘> = [2/(1.30 + l)] 1 30,(130 “ l) = 0.546 
pUp^ = 14.7/(110 + 14.7) = 0.118 

Since the latter ratio is less than the critical pressure ratio, the pressure of the escaping gas is 0.546 times />,; 
hence, 

p 2 = (0.546)(110+14.7) = 68.1 psia V 2 = c 2 = \JkgRT 2 TJT X = (p 2 /pi) {k ~ m 
7)/(68 + 460) = O.546°' 30 ~ 1)/1 ' 30 T 2 = 459 °R V 2 = V(1.30)(32.2)(35.1)(459) = 821 ft/s 

17.107 Nitrogen flows through a duct in which changes in cross section occur. At a particular cross section the velocity 
is 1200 ft/s, the pressure is 12.0 psia, and the temperature is 90 °F. Assuming no friction losses and adiabatic 
conditions, (a) what is the velocity at a section where the pressure is 18.0 psia and (6) what is the Mach number 
at this section? 

f (a) Vl/2g - V\!2g = [k/(k - l)](p,/y0[l - (P 2 /Pj k - Iyk ] 

y x =pJRTi = (12.0)(144)/[(55.1)(90 + 460)] = 0.05702 lb/ft 3 
(V 3 /[(2)(32.2)]} - (1200 2 /[(2)(32.2)]} = [1.40/(1.40 - l)][(12.0)(144)/0.05702] 

x [1 - (18.0/12.0) (Il)/1 ' 40 ] V 2 = 775 ft/s 
(6) N m = V 2 /c 2 = VJy/kgRT T 2 /T l = (p 2 /p i y k -^ k 

T 2 /( 90 + 460) = (18.0/12.0)° 40 - 1)/1 - 40 T 2 = 618 °R 

N m = 775/V(1.40)(32.2)(55.1)(618) = 0.626 

17.108 Establish the formula to determine the time to lower the liquid level in a tank of constant cross section by 
means of an orifice. Refer to Fig. 17-28. 



Fig. 17-28 


f Inasmuch as the head is changing with time, we know that dV/dt 0, i.e., we do not have steady flow. This 
means that the energy equation should be amended to include an acceleration term, which complicates the 
solution materially. As long as the head does not change too rapidly, no appreciable error will be introduced by 
assuming steady flow, thus neglecting the acceleration-head term. 


Case A: With no inflow taking place, the instantaneous flow will be Q = CA 0 \/2gh cfs. In time interval dt, the 
small volume dV discharged will be Q dt. In the same time interval, the head will decre ase dh ft and the volume 
discharged will be the area of the tank A T times dh. Equating these values, (CA (t \/2gh) dt = -A T dh where the 
negative sign signifies that h decreases as t increases. Solving for t yields 
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or t = t 2 -t i = (2A T /CA 0 y/2g){h\ a -h 1 2 /2 ) (1) 

In using this expression, an average value of coefficient of discharge C may be used without producing 
significant error in the result. As h 2 approaches zero, a vortex will form and the orifice will cease to flow full. 
However, using h 2 = 0 will not produce serious error in most cases. 

Equation (1) can be rewritten by multiplying and dividing by ( h\' 2 + h 2 2 ). There results 

t = t 2 -t,= A T (h , - h 2 )l[\(CA 0 ^2gh, + CA 0 yj2gh 2 )] (2) 

Noting that the volume discharged in time ( t 2 — t,) is A T (h, — h 2 ), this equation simplifies to 

t = t 2 -t t = volume discharged/[|(<3, + Q 2 )] = volume discharged/average flow Q (3) 


Case B. With a constant rate of inflow less than the flow through the orifice taking place, 
, . _ f 2 ~A T dh 


—A t dh = (Q oul — Qia) dt and t = t 2 -t,= [ 

Jh , 


j2oul Gil 


Should Q in exceed Q out , the head would increase, as would be expected. 


17.109 The initial head on an orifice was 9 ft and when the flow was terminated the head was measured at 4 ft. Under 
what constant head H would the same orifice discharge the same volume of water in the same time interval? 
Assume coefficient C is constant. 

f Volume under falling head = volume under constant head 

\CA 0 \/2g (hi 12 + h\ n )(t) = CA n V2gH (r) 

\CA„V2g (9 1/2 + 4 l/2 )(f) = CA n V2g Vf/(t) H = 6.25 ft 

17.110 A 75-mm-diameter orifice under a head of 4.88 m discharges 8900 N water in 32.6 s. The trajectory was 
determined by measuring x 0 = 4.76 m for a drop of 1.22 m. Determine C„, C c , C d , the head loss per unit weight, 
and the power loss. 

I The theoretical velocity V 2 , is V 2 , = ^2gH = V2(9. 806)(4 .88 ) - 9.783 m/s. The actual velocity is determined 
from the trajectory. The time to drop 1.22 m is t = V2 y 0 /g = V2(1.22)/9.806 = 0.499 s and the velocity is 
expressed by x 0 = VjJ, = 4.76/0.499 = 9.539 m/s. Then C„ = VJV^ = 9.539/9.783 = 0.975. The actual 

discharge Q a is Q a = (8900/32.6)/98 06 = 0.0278 m 3 /s. C„ = QJ(A 0 V2gH) = 

0.0278/[x(0.0375 2 )V2(9.806)(4.88)] = 0.643, C c = CJC V = 0.643/0.975 = 0.659. The head loss is loss 
= H{ 1 - Cl) = 4.88(1 - 0.975 2 ) = 0.241 m. The power loss is Gy (loss) = 0.0278(9806)(0.241) = 65.7 W. 


17.111 


A tank has a horizontal cross-sectional area of 2 m 2 at the elevation of the orifice, and the area varies linearly 
with elevation so that it is 1 m 2 at a horizontal cross section 3 m above the orifice. For a 100-mm-diameter 
orifice, C d = 0.65, compute the time to lower the surface from 2.5 m to 1 m above the orifice. 


I 


c d A 0 y/2g 


rv 



(0.65)[(jt)(J1) 2 /4]V(2)(9.807) k 




—44.23[4y 1/z - iy 3/2 jL 5 = 73.8 s 


17.112 Determine the equation for trajectory of a jet discharging horizontally from a small orifice with head of 8 m and 
velocity coefficient of 0.96. Neglect air resistance. 

I x = V 2 r y=gt 2 /2 V 2 = C„V2gH t=x/V 2 

y = (g)(xiv 2 fl 2 = (g)[x/(C v y/2gH)] 2 /2 = (9.807){x/[0.96V(2)(9.807)(8)]} 2 /2 = 0.0339x 2 


17.113 An orifice of area 25 cm 2 in a vertical plate has a head of 1.13 m of oil, s.g. = 0.89. It discharges 6192 N of oil in 
88.8 s. Trajectory measurements yield x (l = 2.40 m, y 0 = 1.37 m. Determine C„, C c , and C d . 

I Letting subscript a denote “actual” and t, “theoretical,” 

Q a = W/y = (6192/88.8)/[(0.89)(9790)] = 0.008003 m 3 /s 
(V 2 ) a = xVg/2y = (2.40)V (9.807)/[(2)(l. 37)] = 4.541 m/s 
(V 2 ), = y/2gH = V(2)(9.807)(1.13) = 4.708 m/s C v = (V 2 )J(V 2 ), = 4.541/4.708 = 0.965 
C d = QJ\A{V 2 ),\ = 0.008003/[(25 x 10 4 )(4.708)1 = 0.680 C c = C d /C v = 0.680/0.965 = 0.705 
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17.114 Calculate Y, the maximum rise of a jet from an inclined plate (Fig. 17-29), in terms of H and a. Neglect losses. 



I y =-gt 2 /2 + (V cos a)(t) x = Vfsina V = V2 gH 

Substituting for V and t, 

y = -x 2 I(4H sin 2 a)+x cot a dy/dx = -x/(2H sin 2 a) + cot a = 0 
x = 2 H sin a cos a y max = H cos 2 a 

17.115 In Fig. 17-29, for a = 45°, Y = 0.487/. Neglecting air resistance of the jet, find C„ for the orifice. 

f From Prob. 17.114 but with V = C v \j2gH, Y = C 2 V H cos 2 a, C„ = WJh/cos a = V0.48///H/cos 45° = 0.980. 

17.116 Show that the locus of maximum points of the jet of Fig. 17-29 is given by X 2 = 4 Y(H — Y) when losses are 
neglected. 

f From Prob. 17.114, maxi mum point co ordinates are given by X = 2 H sin a cos cc an d Y — H cos 2 a. Thus, 
cos or = VVjH and sin o- = Vl-cos 2 « = Vl - Y/H. Hence, X = 2 Hy/V/H Vl -Y/H, X 2 = 4 H 2 [Y/H - 
(Y/H) 2 ] = 4Y(H - Y). 

17.117 A 4-in-diameter orifice discharges 135 ft 3 of liquid, s.g. = 1.10, in 95.5 s under a 10-ft head. The velocity at the 
vena contract is determined by a Pitot-static tube with coefficient 1.0. The manometer liquid is acetylene 
tetrabromide, s.g. 2.96, and the gage difference is R' = 3.62 ft. Determine C„, C c , and C d . 

f V a = C^2gR'(SJS - 1) = (1.0)V(2)(32.2)(3.62)[(2.96/1.10) - 1] = 19.85 ft/s 

V, = y/2^H = V(2)(32.2)(10) = 25.38 ft/s 
C„ = VJV, = 19.85/25.38 = 0.782 Q„ = V/t = 135/95.5 = 1.41 ft 3 /s 
C d = QJAV, = 1.41/{[(jr)(n) 2 /4](25.38)> = 0.637 C c = CJC V = 0.637/0.782 = 0.815 

17.118 A 115-mm-diameter orifice discharges 60.0 L/s of water under a head of 2.70 m. A flat plate held normal to the 
jet downstream from the vena contracta requires a force of 423 N to resist impact of the jet. Find C d , C„, and 
C c . 

I F - p(V 2 ) 0 Qa (V 2 ) a = F/pQ a = 423/(1000)(60.0 x 10 3 ) = 7.050 m/s 

C„ = (V 2 )jV2gH = 7.050/ V(2)(9.807)(2.70) = 0.969 
C d = QJ(A\/2^H) = (60.0 x 10 3 )/{((n:)(0.115) 2 /4]V(2)(9.807)(2.70)} = 0.794 
C c = C d /C„ = 0.794/0.969 = 0.819 

17.119 Compute the discharge from the tank shown in Fig. 17-30. 
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17.120 For C v = 0.95 in Fig. 17-30, calculate the head loss. 

/ h L = (H + pJ Y )( 1 - Cl) = {3 + 24/[(0.90)(9.79)]}(l - 0.95 2 ) = 0.558 m 

17.121 Calculate the discharge through the orifice of Fig. 17-31. 


Air 

50 kPa 

Air 

15kPa 



3m 

-* ' 20 m ■ ---- 

-*■ ♦ 

Water 

mm diam ' Water 
C d -0.86 


Fig. 17-31 


I H' = (3 + 50/9.79) - (2 +15/9.79) = 4.575 m 

«2 = C d A\[2gH' = (0.86)[( jt)( 0. 140) 2 /4]V(2)(9.807)(4.575) = 0.125 m 3 /s 

17.122 For C v = 0.92 in Fig. 17-31, determine the power loss. 

I H' = 4.575 m (from Prob. 17.121) h L = H'( 1 - C 2 ) = (4.575)(1 - 0.92 2 ) = 0.703 m 

Q = 0.125m 3 /s (fromProb. 17.121) power loss = Qyh L = (0.125)[(9.79)(1000)](0.703) = 860W 

17.123 A 3 -in-diameter orifice discharges 0.826 cfs of liquid under a head of 9.5 ft. The diameter of the jet at the vena 
contracta is found by calipering to be 2.65 in. Calculate C„, C d , and C c . 

I V 2 = V2gH = V(2)(32.2)(9.5) = 24.73 ft/s A„ = (x)(&) 2 /4 = 0.04909 ft 2 

C d = QJV 2 A 0 = 0.826/[(24.73)(0.04909)] = 0.680 

C = A 2 Mo = [(jt)(2. 65/ 12) 2 /4]/[(jt)(^) 2 / 4] = 0.780 C„ = CJC c = 0.680/0.780 = 0.872 

17.124 A 90-mm-diameter orifice, C d = 0.80, is placed in the bottom of a vertical tank that has a diameter of 2.0 m. 
How long does it take to draw the surface down from 4 to 3.5 m? 

I t = (2A r /C d A 0 V2^)(y\' 2 -y 1 2 ' 2 ) A, = (*)(: 2.0) 2 /4 = 3.142 m 2 

A 0 = (nr)(0.090) 2 /4 = 0.006362 m 2 

t = {(2)(3.142)/((0.80)(0.006362)V(2)(9.807)]}(4 1 ' 2 - 3.5 1/2 ) = 36.0 s 

17.125 Select the size of orifice that permits a tank of horizontal cross section 2.0 m 2 to have the liquid surface drawn 
down at the rate of 140 mm/s for 3.50-m head on the orifice (C d = 0.65). 

f Q = (A r )(Ay/At) = (2.0)(140 x 10~ 3 ) = 0.2800 m 3 /s 

A 0 = QI{C d yj2gH) = 0.2800/[0.65 V(2)(9.807)(3.50)] = 0.05199 m 2 = 51 990 mm 2 
51990 = nrD 2 /4 Z> = 257 mm 

17.126 A 3-in-diameter orifice in the side of a 5-ft-diameter tank draws the surface down from 7 ft to 5 ft above the 
orifice in 53.0 s. Calculate the discharge coefficient. 

I t — [2A r /(C d A 0 V2g)](y{ /2 — y^) A r = (nr)(5) 2 /4 = 19.63 ft 2 

A 0 = (jr)(l7) 2 /4 = 0.04909 ft 2 

53.0 = {(2)(19.63)/[(C d )(0.04909)V(2)(32.2)]}(7 ,/2 - 5 1/2 ) C d = 0.770 


17.127 Select a reservoir of such size and shape that the liquid surface drops 1.1 m/min over a 4-m distance for flow 
through a 90-mm-diameter orifice ( C d = 0.75). 
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f dy/dt = -Q/A r = -(C d A 0 V2gy)/A r 

A r = C d A<A/2g(AtlAy)y' a = (0.75)[(^)(0.090) 2 /4]V(2)(9.807)(60/l.l)y 1/2 = 1.153/' 2 
kD 2 ! 4 = 1.153y 1/2 D = (1.212 m 3/4 )y ,/4 


17.128 In Fig. 17-32 the truncated cone has an angle 0 = 60°. How long does it take to draw the liquid surface down 
from y = 5mtoy=2m? 





1 p At 
C d A a \flg J y , Vy 


dy 


L = it(. 


Fig. 17-32 

, 2 


r a + y tan 


. n f J 

Jy; 




7T 


(0.80)(0.005026) V (2) (9.807) 


'BMS- dy-— [«2V5) + 2,„(!b“)t,nf + !,”««■|T‘ 

Vy C d A„\2g L z 

A, = (jt)( 0.080) 2 /4 = 0.005026 m 2 

[(l) 2 (2Vy) + (2)( |)(l)y 3/2 tan f + §y 5/2 tan 2 f ]| = 1822 s or 30.4 min 


17.129 Calculate the dimensions of a tank such that the surface velocity varies inversely as the distance from the 
centerline of an orifice draining the tank. When the head is 400 mm, the velocity of fall of the surface is 
40 mm/s, orifice diameter is 15 mm, C d = 0.64. 

I dy/dt = -Q/A r = k/y k=y(dy/dt) = (0.400)(-0.040) = -0.01600 - C d A 0 V2gy/(aD 2 /4,) = k/y 

n 3/4 /c d A 0 V2W IV 0.64)[(^)(0.015) 2 /4]V(2)^80f /_ 1_\ 

D=y V—ri4~\k)- y V */4 V -0.01600/ 

= (1.578 m 1/4 )y 3/4 

17.130 Determine the time required to raise the right-hand surface of Fig. 17-33 by 3 ft. 


f 


Hence, 


ft; V’Uv'fct. 





Fig. 17-33 


A 1 y 1 +A 2 y 2 ! =C A 1 dy 1 +A 2 dy 2 — 0 H-y^ y 2 
dH = dy 1 - dy 2 = -(1 + A 2 /Ai) dy 2 

dy 2 =-dH/(l + A 2 /A 1 ) Qdt = C d A 0 \/2gHdt = A 2 dy 2 =-[A 2 dH/(l+A 2 IA l )\ 


t = 


C d A Q ^2g(\+A 2 /A 


f" 2 

H 

l) •'«! 


! d// = 


2 A 2 (Vh,-Vh 2 ) 

C d A(/\f2g{\ A A 2 /A/) 


H, = 7ft 
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Rise of the right-hand surface by 3 ft will crea te a f all of the left-hand su rface by (3 )(j§) = 3.75 ft. Thus, 

= 7 - 3 - 3.75 = 0.25 ft. t = (2)(25)(V7 - VO25)/{(0.92)[(jr)(^)74]V(2)(32.2)(l + i)} = 74.0 s. 

17.131 How long does it take to raise the water surface of Fig. 17-34 by 1 m? The left-hand surface is a large reservoir 
of constant water-surface elevation. 



Fig. 17-34 


I As in Prob. 17.130, t = [2 A 2 (Vh[ - VH 2 )]/[C d A 0 y/2g(l + AJA X )\ w here A, = °°, A 0 = (jt)(0.200) 2 /4 = 
0.03142 m 2 , f = f(2)(jr6 2 /4)(V4 - V4~ r l)]/[(0.86)(0.03142) V(2)(9.807)(1 + 0)] = 126.6 s. 

17.132 Determine the discharge in a 350-mm-diameter line with a 180-mm-diameter VDI orifice for water at 20 °C 
when the gage difference is 320 mm on an acetylene tetrabromide (s.g. = 2.94, v = 1.01 x 10“ 6 m 2 /s)-water 
differential manometer. 

I Q = CA 0 \/2gR'(S 0 /S l - 1) AJA X = (180/350) 2 = 0.264 

From Fig. A-28, assume C = 0.632 (for high N R ). 

Q = (0.632)[(tt)(0. 180) 2 /4]V(2)(9.807)(0.320)[(2.94/1) - 1] = 0.0561 m 3 /s 
N r = DV/v = AQ/kDv = (4)(0.0561 )/[(tt)(0. 350)(1.01 x 10 6 )] = 2.02 x 10 5 
From Fig. A-28, C = 0.632 as assumed is O.K. 


17.133 A 15-mm-diameter VDI orifice is installed in a 30-mm-diameter pipe carrying nitrogen at p, = 10 atm, 

7i = 30 °C. For a pressure drop of 120 kPa across the orifice, calculate the mass flow rate. 

# m = CTA 0 V2p, A p AJA X = (15/30) 2 = 0.2500 

From Fig. A-28, assume C = 0.63. 

* = 1.4 DJ D, = 0.5 p 2 /p, = [(l 0)(101.3)-120]/[(10)(101.3)] = 0.882 

From Fig. A-26, V = 0.97. 

p = p/RT = (10)(101.3)/[(0.297)(30 + 273)] = 11.26 kg/m 3 
m = (0.63)(0.97)[(jt)( 0.015) 2 /4]V(2)(11.26)[(120)(1000)] = 0.1775 kg/s N R = pDV/p 
V = m!pA =0.1775/{(11.26)[(^)(0.030) 2 /4]} =22.30 m/s 
N r = (11.26)(0.030)(22.30)/(2.15 x 10" 5 ) = 3.50 x 10 s 
From Fig. A-28, C = 0.63; hence, m = 0.1775 kg/s. 

17.134 Air at 1 atm, T = 29 °C, flows through a 1.1-m-square duct that contains a 400-mm-diameter square-edged 
orifice. With a head loss of 55 mmH 2 0 across the orifice, compute the mass flow. 

I m = CYA n yip Ap A 0 M, = [(^)(0.400) 2 /4]/[(l.l)(l.l)] = 0.104 

From Fig. A-28, assume C = 0.605 (for high N R ). 

Pi = Pi - yh = 101 300 - (9790)(0.055) = 100762 Pa pjp x = 100 762/101 300 = 0.995 
D 0 /D, = (0.400)/[(l.l)(l.l)] =0.331 k = 1.4 
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From Fig. A-26, V = 0.995. 

p = p/RT = 101.3/[(0.287)(29 + 273)] = 1.170 kg/m 3 
m = (0.605)(0.995)[(^)(0.400) 2 /4]V(2)(1.170)(9790)(0.055) = 2.685 kg/s 
N r = pD h V/p = (1.170)[(4)(1.1)]{2.29/[(1.1)(1.1)])/(1.915 x 10' 5 ) = 5.09 x 10 5 
From Fig. A-28, C =0.605, as assumed. 

17.135 A 4-in-diameter VDI orifice is installed in an 8-in-diameter oil line, p = 6 cP, y = 54 lb/ft 3 . An oil-air differential 
manometer is used. For a gage difference of 18 in determine the flow rate in gallons per minute. 

I Q = CAoV^R 7 Ad A, = (|) 2 = 0.250 

From Fig. A-28, assume C = 0.625 (for high N R ). 

Q = (0.625)[(*)(£) 2 /4]V(2)(32.2)({§) = 0.536 ft 3 /s 
N r = pDV/p = AQphtDp = (4)(0.536)(54/32.2)/{(*)(ft)[(ifc)/479]} = 1.37 x 10 4 
From Fig. A-28, C = 0.63 (O.K.) Q = 0.536/0.002228 = 241 gpm. 

17.136 Solve Prob. 17.73 for an orifice with D: \D taps (instead of a long-radius flow nozzle). 

f A good initial guess for an orifice is a « 0.62. From Eq. (2) of Prob. 17.73 compute ft ~ 0.447/(0.62) 1/2 = 
0.568. From Fig. A-29 compute the discharge coefficient C d = 0.6064 for ft = 0.568 and N R = 392 000. Then 
E = [1 - (0.568) 4 ] -1/2 = 1.0565 and a = C d E = 0.6407. Iterate Eq. (2) again: ft = 0.447/(0.6407) 1/2 = 0.558, 

C d = 0.6061, and a = 0.6378. Stop. We have converged satisfactorily to a design value: ft ~ 0.56, d - ftD = 

112 mm. The throat velocity is V, = VJft 2 = 2.0/(0.56) 2 = 6.38 m/s. The throat head is Vf/2g = 

(6.38) 2 /[2(9.81)] = 2.07 m. From Fig. A-24 for the orifice at ft = 0.56, estimate K m ~ 1.7. Then the 
nonrecoverable loss of the orifice will be h m = K m (V 2 /2g) ~ 1.7(2.07) = 3.5 m. 

17.137 Water at 20 °C in a 15-cm-diameter pipe flows through a 7-cm-diameter thin-plate orifice with D: {D taps 
(ft = 0.5). If the measured pressure drop is 73 kPa, find the volume flow. 

f Q = C J A,^/2 Kp/\(^ P ){l~ft-')\. Guess C d = 0.61: 

Q = (0.61)[(jt)( 0.07) 2 /4]V(2)(73)(1000)/[(998)(1 - 0.5 4 )] = 0.0293 m 3 /s. 

V = Q/A = 0.0293/[(jr)(0.15)74] = 1.658 m/s 
N r = pDV/p = (998)(0.15)(1.658)/(1.02 x 10" : *) = 2.43 x 10 4 
From Fig. A-29, C d = 0.605. Q = (0.605)[(^)(0.07) 2 /4]V(2)(73)(1000)/[(998)(1 - 0.5 4 )] = 0.0291 m 3 /s, or 29 L/s. 

17.138 Gasoline at 20 °C flows in a 60-mm-diameter pipe at 30 m 3 /h. If a 30-mm-diameter thin-plate orifice with comer 
taps is installed in the pipe, what will the measured pressure drop be? ft = 0.4. Use p = 680 kg/m 3 and 

p = 0.000292 Pa-s. 

I Q = C„A,V2 Ap/[(p)(l - ft 4 )] V = Q/A = (30/3600)/[(;r)(0.060) 2 /4] = 2.947 m/s 

' N r = pDV/p = (680)(0.060)(2.947)/0.000292 = 4.12 X 10 5 

For comer taps, 

f{ft) = 0.5959 + 0.0312/3 21 - 0.184/3 8 = 0.5959 + (0.0312)(0.4) 21 - (0.184)(0.4) 8 = 0.6003 
C d =/(/3) + 91.71/3 2 5 N r 015 = 0.6003 + (91.71)(0.4) 2 5 (4.12 X 10 5 ) 0 75 = 0.6009 
30/3600 = (0.6009)[(^)(0.030) 2 /4]V2 Ap/[(680)(1 - 0.4 4 )] A p = 128 000 Pa = 128 kPa 

17.139 A 2-m-diameter cylindrical tank in Fig. 17-35 is initially filled with kerosene at 20 °C to a depth of 3 m. There is 
a 40-mm-diameter thin-plate orifice in the bottom. When the orifice is opened, what is the initial flow rate? 

f Q = C d A,yj2 Ap/f(p)(l - j3 4 )], A p ac ross the orifice is pgh(t). The orifice simulates “ comer taps” as ft— »0, 
so C d - 0.596. Q„ = C d A,V2gh„/(l - ft 4 ) = (0.596)[(jt)( 0.040) 2 /4]V(2)(9.807)(3)/(l - 0 4 ) = 0.005745 m 3 /s, or 
5.745 L/s. 
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'Q(t) 


Fig. 17-35 


17.140 For the conditions given in Prob. 17.139, how long will it take h(t) to drop from 3 m to 1.9 m? 

I <2(0 = —dV^nJdt = — (A,,) ( dh/dt ). On the other hand, from Prob. 17.139, 

Q{t) = (0.596)[(;r)(0.040) 2 /4] V(2)(9.807)(/*)/(l - 0 4 ) = 0.003317A 1 ' 2 
Then, since A 0 = (ti)(2) 2 /4 = 3.142 m 2 , 

(-3.142 )(dh/dt) = 0.003317A 1/2 f ^ fdt [2h'% 9 = -0.001056[i]' 

J 3 h \ 3.142 / Jo 

—0.001056f = (2)(1.9 1/2 - 3.0 ,/2 ) t = 670 s = 11.2 min 

17.141 Water flowing in a 12-in-diameter pipe passes through a Venturi meter with a 6-in throat diameter. The 
measured pressure head differential is 150.5 in of water. Assuming a discharge coefficient of 0.98, find the flow 
rate of water through the pipe. 

f Q = C4 2 V[2g(p, -p 2 )/y]/[ 1 - (A 2 M0 2 ] A 2 = (tf)(£) 2 /4 = 0.1963 ft 2 

A\ = (jt)(i§) 2 /4 = 0.7854 ft 2 ¥ 

Q = (0.98)(0,1963)V[(2)(32.2)(150.5/12)]/[1 - (0.1963/0. 7854) 2 ] = 5.65 ft 3 /s 

17.142 Oil is flowing upward through a Venturi meter as shown in Fig. 17-36. Assume a discharge coefficient of 0.984. 
What is the rate of flow of the oil? 



500 mm 


Fig. 17-36 
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f Q = C4 2 V[2g(/>i -p 2 )/y]/[l - (A 2 M,) 2 ] A 2 = (jr)(0.200) 2 /4 = 0.03142 m 2 

A, = (;r)(0.500) 2 /4 = 0.1963 m 2 

PilV + y- (1.26/0.82)(1.5) - x =p 2 /y x + 1.5 = 0.5+y x=y — 1.0 
Pi/Y+y ~ (1.26/0.82)(1.5) - (y - 1.0) =p 2 /y ( p x —p 2 )/y = 1.305 m of oil 

Q = (0.984)(0.03142)V(2)(9.807)(1.305)/[1 - (0.03142/0.1963) 2 ] = 0.158 m 3 /s 

17.143 Carbon dioxide at 20 °C flowing in a 200-mm-diameter pipe passes through a Venturi meter with a 100-mm 
throat diameter. Measured (gage) pressures are p, = 22.0 kPa and p 2 = 5.2 kPa. Atmospheric pressure is 

762 mmHg, and the discharge coefficient is 0.98. Find the weight flow rate of carbon dioxide through the pipe. 

I G = C y 2 A 2 V[2gk / (k — l)](p 1 /y 1 )[l - (p 2 /p,) ( *- iy *]/[l - (AjAtfipJp,) 21 *] y=p/R7' 

p 2 = 5.2 + (0.762)(9.79)(13.6) = 106.7 kPa y 2 = 106.7/[(19.3)(20 + 273)] = 0.01887 kN/m 3 

p, = 22.0 + (0.762)(9.79)(13.6) = 123.5 kPa y, = 123.5/[(19.3)(20 + 273)] = 0.02184 kN/m 3 

A 2 = (jt)( 0. 100) 2 /4 = 0.007854 m 2 A x = (jt)( 0.200) 2 /4 = 0.03142 m 2 
G = (0.98)(0.01887)(0.007854) 

/[(2)(9.807)(1.30)/(1.30 — 1)](123.5/0.02184)[1 - (106.7/123.5) (130 ~ 1>/130 ] _ 

X V 1 — (0.007854/0.03142) 2 (106.7/123.5) 2/1 ' 30 ” ‘ /S 

17.144 Water flows through a Venturi meter, as shown in Fig. 17-37. Determine the discharge coefficient of the Venturi 
meter if the discharge is determined to be 2.12 cfs. 



I Q = C4 2 V[2g(pi -p 2 )/y]/[l - (A 2 M,) 2 ] A 2 = (^)(^) 2 /4 = 0.08727 ft 2 

A x = (jt)(t 1) 2 /4 = 0.7854 ft 2 

Pi/y + y + h - (13.6)(e) - y = Pz/y (Pi - Pz)/y = 9.45 ft of water 
2.12 = (C)(0.08727)V[(2)(32.2)(9.45)]/[1 - (0.08727/0.7854) 2 ] C = 0.979 


17.145 A Venturi meter having a throat diameter of 150 mm is installed in a horizontal 300-mm-diameter water main, 
as shown in Fig. 17-38. The coefficient of discharge is 0.982. Determine the difference in level of the mercury 
columns of the differential manometer attached to the Venturi meter if the discharge is 0.142 m 3 /s. 



Fig. 17-38 
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Q = G4 2 V[2g(/>, -p 2 )/y]/[l - (Ai/A,) 2 ] A 2 = (;r)(0.150) 2 /4 = 0.01767 m 2 
4, = (jt)( 0.300) 2 /4 = 0.07069 m 2 

0.142 = (0.982)(0.01767)V[(2)(9.807)(p a -p 2 )/y]/[l - (0.01767/0.07069) 2 ] 
(Pi“P2)/y = 3.201m 

pjy + x + y -13.6}' -x-p 2 jy (pi-p-iity = 12.6y =3.201 y = 0.254m = 254 mm 


17.146 Determine the mass flow rate when air at 40 °C and 755 kPa abs flows through a Venturi meter, if the pressure 
at the throat of the meter is 455 kPa abs. The diameters at inlet and throat are 350 mm and 175 mm, 
respectively. Assume that C = 0.985. 

I m = CYA 2 \/2p t {(p, -p 2 )/[ 1 - (D 2 /Dj) 4 ]} 

pjpx = 455/755 = 0.60 DJD, = 1/2 Y = 0.74 (from Fig. A-26) 
p = p/RT p, = 755/[(0.287)(40 + 273)] = 8.40 kg/m 3 
m = (0.985)(0.74)[(^)(0.175) 2 /4]V2(8.40){(3 x 10 5 )/[1 - (1/2) 4 ]} =40.7 kg/s 

17.147 Find the flow rate of water at 72 °F for the Venturi tube of Fig. 17-39 if the mercury manometer reads y = 5 in 
for the case where D t = 10 in, D 2 = 5 in, and Az = 2.0 ft. Assume the discharge coefficients of Fig. A-30 are 
applicable. In addition, find the head loss from inlet to throat. Also, determine the total head loss across the 
meter. Assume a diverging cone angle of 10°. 


r~ D '~ 



Fig. 17-39 


I Q = (CA 2 /[1 - (D 2 /D,)T 2 }[2g A(z + ply)]' 12 

(*« +pJy)- (** + pJy) = (R’)(SJS F - 1) = (^)[(13.6/l) - 1] = 5.25 ft 
A 2 = (®)Cfe) 2 /4 = 0.1364 ft 2 

From Fig. A-30, assume C = 0.95. 

Q = {(0.95)(0.1364)/[ 1 - (ra) 4 ] 1/2 }t(2)(32.2)(5.25)] 1/2 = 2.46 ft 3 /s 
V 2 = Q/A 2 = 2.46/0.1364 = 18.0 ft/s D'T 2 = (5)(18.0) = 90.0 
From Fig. A-30, C = 0.985. Since the curve is flat in this area, C = 0.985 is O.K. 

Q = (0.985/0.95)(2.46) = 2.55 ft 3 /s V 2 = 2.55/0.1364 = 18.7 ft/s 

V, = V 2 /4 = 18.7/4 = 4.68 ft/s 

(*Jm = (1/C 2 - 1)[1 - (D 2 /D,) 4 ](V 2 /2g) = [(1/0.985 2 ) - 1][1 - (,%) 4 ]{18.7 2 /[(2)(32.2)]} = 0.156 ft 

(h L ) 2 -i = k'(V 2 -V 3 ) 2 /2g 

From Fig. A-31, k' = 0.175. 

(fci.) 2 -3 = (0.175)(18.7 - 4.68)7[(2)(32.2)] = 0.534 ft (h L \ oU1 = 0.156 + 0.534 = 0.690 ft 

17.148 Repeat Prob. 17.147 for the case of a horizontal Venturi tube (i.e., Az = 0) with all other data the same. 
I The answers are the same as for Prob. 17.147, since R'(S M /S F - 1) = A (p/y + z ). 
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17.149 Refer to Prob. 17.147. What would be the flow rate if the manometer fluid was carbon tetrachloride 
(s.g. = 1.59) with all other data remaining the same? 

I Q = {CA 2 I[ 1 - (D 2 /D 1 ) 4 ] 1/2 }[2g A(z +plY)] v2 

Assume C = 0.95 (see Fig. A-30). 

A 2 = 0.1364 ft 2 (from Prob. 17.147) A(p/y + z) = (fi0[(l.59/1) - 1] = 0.2458 ft 

Q = {(0.95)(0.1364)/[1 - (^) 4 ] ,/2 }[(2)(32.2)(0.2458)] 1/2 = 0.532 ft 3 /s 
v 2 = Q/A 2 = 0.532/0.1364 = 3.90 ft/s D"V 2 = (5)(3.90) = 19.50 
From Fig. A-30, C = 0.985. 

Q = (0.985/0.95)(0.532) = 0.552 ft 3 /s 

17.150 Find the flow rate of water for the Venturi tube shown in Fig. 17-39 if D, = 70 cm, D 2 = 35 cm, Az = 186 cm, 
and y = 13 cm of mercury. 

I <2 = {CAJ{ 1 - (D 2 /D,) 4 ] 1/2 } V2gy (S 0 /S, - 1). Try C = 0.985. 

Q = {(0.985)[(jt)(0.35) 2 /4]/[1 - (^) 4 ] ,,2 }V(2)(9.807)(0.13)[(13.6/1) - T] = 0.555 m 3 /s 
v 2 = Q/A 2 = 0.555/[(jr)(0.35) 2 /4] = 5.77 m/s N R = DV/v = (0.35)(5.77)/10“ 6 = 2.02 x 10 6 

From Fig. A-30, C = 0.985. Hence, Q = 0.555 m 3 /s. 

17.151 In Fig. 17-39 suppose D, = 4 in, D 2 = 2 in, and Az = 8 in. Oil (s.g. = 0.89) with a kinematic viscosity of 
0.0005 ft 2 /s is flowing. Determine the manometer reading y if mercury is used as the manometer fluid. The rate 
of flow is 0.12 cfs. 

I Q = {CAJ{ 1 - (D 2 /D,) 4 ] 1/2 }V2gy(5 ,,/S - 1). Try C = 0.96: 

0.12 = {(0.96)[( J r)(*) 2 /4]/[l - (?) 4 ] 1/2 }V(2)(32.2)(y)[(13.6/0.89) - 1] 
y = 0.03346 ft or 0.40in V = Q/A = 0. 12/[(jt)(^) 2 /4] = 5.50 ft/s 
N„ = DV/v = (n)(5.50)/0.0005 = 1833 
From Fig. A-30, C = 0.905. y = (0.905/0.96) 2 (0.40) = 0.36 in. 

17.152 Assume that air at 50 °F and 90 psia flows through a Venturi tube and that the pressure at the throat is 54 psia. 
The inlet area is 0.55 ft 2 , and the throat area is 0.10 ft 2 . The tube coefficient is 0.98, and k is 1.4. Find the rate of 
discharge. 

f G = CA,y/2g[k/(k - l)]p,y,(p 2 /p l ) 2/ *{[l - (p 2 /p,) < *- ,)/ *]/[ 1 - (A,IA)\p 2 l P n 

p, = (90)(144) = 12 960 lb/ft 2 y = p!RT 

y, = 12 960/[(53.3)(50 + 460)] = 0.4768 lb/ft 3 

I / l”4 \ T 1 _ n 

G = (0.98)(0.10) y (2)(32.2)( r ^- T j(12 960)(0.4768)(i) 2/14 [ t _ (Q ^ 55)2(y)2) , j = 29.8 lb/s 

17.153 Solve Prob. 17.152 by evaluating Y from Fig. A-26 and using it to find the rate of discharge. 

# G = CYA t y/2gy,{(P, -p*)/[l ~ (O./D,) 4 ]} 

For D 2 /D, = VP = 0.426 and p 2 /p x = i = 0.6, from Fig. A-26, Y = 0.745. 

G = (0.98)(0.745)(0.10)V(2)(32.2)(0.4768){[(90 - 54)(144)]/(1 - 0.426 4 )} = 29.6 lb/s 

17.154 What would be the value of Y and the rate of discharge for a square-edged orifice for the same data as in Prob. 
17.152, assuming C = 0.60? 

I G = CYA,y/2gy t {(p,-p 2 )/[ 1 - (D„/D,) 4 ]} 

With D 0 /D, = 0.426 and p 2 /p, = 0.6, Y = 0.875 (from Fig. A-26). 

G = (0.60)(0.875)(0.10)V(2)(32.2)(0.4768)[(90 - 54)(144)/(1 - 0.426 4 )] = 21.3 lb/s 

17.155 What is the value of the throat velocity in Prob. 17.152? 
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I V 2 /2 = C„T\ 1 - (p 2 /piY k -' ¥k ] = (6000)(50 + 460)[1 - ^ y = 912ft/s 

17.156 Air flows through a 20-cm by 10-cm Venturi meter. At the inlet the air temperature is 30 °C and the pressure is 
150 kPa. Determine the mass flow if a mercury manometer reads 27 cm. Assume an atmospheric pressure of 
101.3 kPaabs. 

I rh = CYA t \f2p,{(pi -p 2 )/[ 1 - (D 0 /A) 4 ]}- From Fig. A-30, C = 0.985. 

p = p/RT p, = (150 + 101.3)/[(0.287)(30 + 273)] = 2.89 kg/m 3 
p, -p 2 = y/i = [(13.6)(9.79)](0.27) = 35.9 kPa 
p t = 150 + 101.3 = 251.3 kPa p 2 = 251.3 - 35.9 = 215.4 kPa 
For D 2 /D i = 0.5 and p 2 /p\ = 215.4/251.3 = 0.857, from Fig. A-26, Y = 0.92. Thus 
m = (0.985)(0.92)[(^)(0.10/2) 2 ]V2(2.89)[(35.9)(1000)/(1 - 0.5 4 )] = 3.34 kg/s. 

17.157 Natural gas, for which k = 1.3 and R = 3100 ft-lb/(slug-°R), flows through a Venturi tube with pipe and throat 
diameters of 10 in and 5 in, respectively. The initial pressure of the gas is 159 psia, and its temperature is 40 °F. 

If the meter coefficient is 0.98, find the rate of flow for a throat pressure of 109 psia. 

f G = CA,y/2g[k/(k - i)]p 1 y,(p 2 /p 1 ) 2/ ' [ {[i - (p 2 /p,) < *- ,v ‘]/|i - (A 2 M l) 2 (p 2 /p,n> 

A, = (it){u) 2 /4 = 0.1364 ft 2 y=plRT 

y, = (159)(144)/[(3100/32.2)(40 + 460)] = 0.4756 lb/ft 3 

G = (0.98)(0.1364) 

x V(2)(32.2)[1.3/(1.3 - l)][(159)(144)](0.4756)(]i) 2/13 {[1 - 0i) (13 “ ,v ' 3 ]/[l - (5 2 /10 2 ) 2 (^) 2/13 ]} 

= 51.2 Ib/s 

17.158 Referring to Fig. 17-40, assume that liquid flows from A to C at the rate of 222 L/s and that the friction loss 
between A and B is negligible but that between B and C it is 0.1 V%/2g. Find the pressure heads at A and C. 



Fig. 17-40 


I p A /Y+V 2 A/2g + z A =p B /Y+V 2 B /2g + z B +h L 

V A = Q/A a = 0.222/[0r)(0.36)74] = 2.18 m/s V B = 0.222/[(>r)(0.12)74] = 19.6 m/s 
pJy + 2.18 2 /[(2)(9.807)] + 0 = 0.68 + 19.6 2 /[(2)(9.807)] + 0 + 0 p A /Y = 20.0 m 
Pa/y + F|/2g + z B = p c /y + V|/2g + z c + 

0.68 + 19.6 2 /[(2)(9.807)] + 0 = p c /y + 2.18 2 /[(2)(9.807)] + 0 + 0 + (0.1) {19.6 2 /[(2)(9.807)]} 

p c /y = 18.1m 

17.159 Water flows through a 12-in by 6-in Venturi meter at the rate of 1.49 cfs and the differential gage is deflected 
3.50 ft, as shown in Fig. 17-41. The specific gravity of the gage liquid is 1.25. Determine the coefficient of the 
meter. 

I Applying the Bernoulli equation, A to B, ideal case, yields (p a /y + Vii/2g + 0) - no lost head = (p B /y + 
V 2 J2g + 0) and Vj 2 = (AJA xl fV\. Solving, V 6 = Y2g(pJ y -p B /y)/[l - {AJA i2 ) 2 ] (no lost head). 

The true velocity (and hence the true value of flow Q) will be obtained by multiplying the ideal value by the 
coefficient C of the meter. Thus 

(1) 


Q -A 6 V(, = A 6 CW2g(p A / Y -Pb/yW ~ (AJA U ) 2 ] 



FLOW MEASUREMENT 0 559 



To obtain the differential pressure head above, the principles of the differential gage must be used. p c = p c ., 
(Pa/y ~ z) = Pb /y ~(z + 3.50) + 1.25 f3.50) or pjy -pj y = 0.875 ft. 

Substituting in (1), 1.49 = ];r(]) 2 CV2g(0.875)/(l- j- 6 ) and C = 0.978 (use 0.98). 

17.160 Water flows upward through a vertical 12-in by 6-in Venturi meter whose coefficient is 0.980. The differential 
gage deflection is 3.88 ft of liquid of specific gravity 1.25, as shown in Fig. 17-42. Determine the flow in cfs. 



Fig. 17-42 


I Reference to the Bernoulli equation in Prob. 17. 159 indicates that, for this problem, z A = 0 and z B = 1.50 ft. 
Then Q = CA„y/2g[(pJy-p B /y) - 1.50]/[1 - (|) 4 ]. 

Using the principles of the differential gage to obtain A ply, 

' PcIy-PdIy (ft of water units) 

Pa/y + (n + 3.88) = pjy + m + 1.25(3.88) 

(Pa/y-Pb/y) — (m — n) = 3.88(1.25 - 1.00) 

(Pa/y ~ Pb/y) ~ 1-50 = 0.97 ft of water 

Substituting in the equation for flow, Q = 0.980(^)(|) 2 V2g(0.97)/(l - ^) = 1.57 cfs. 


17.161 An 8-in by 4-in Venturi meter is used to measure the flow of carbon dioxide at 68 °F. The deflection of the water 
column in the differential gage is 71.8 in and the barometer reads 30.0 in of mercury. For a pressure at entrance 
of 18.0 psi abs, calculate the weight flow. 

I The absolute pressure at entrance = p, = (18.0)(144) = 2590 psf abs and the specific weight y, of the carbon 
dioxide is y, = 2590/(34.9(460 + 68)] = 0.1405 lb/ft 3 . The pressure difference = (71.8/12)(62.4 - 0.141) = 372 psf 
and hence the absolute pressure at the throat = p 2 = 2590 - 372 = 2220 psf abs. 

To obtain the specific weight y 2 , we use p 2 lp, = jjj = 0,858 and y 2 /y, = (0.858) ,/A: . Thus y 2 = 

(0.1405)(0.858) 1/130 = 0.1250 lb/ft 3 . W = y,/CA 2 yV2g(Ap/y,) in lb/s. Using k = 1.30, d 2 ld x = 0.50 and p z !p x = 
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0.858, Y (Table A-18) = 0.909 by interpolation. Assuming C = 0.9 85, from Fig. A -32, and noting that 
K = 1.032, we have W = (0.1405)[(1.032)(0.985)]{U(£) 2 ](0.909)V2g(372/0.1405) = 4.67 lb/s. 

To check the assumed value of C, determine the Reynolds number and use the appropriate curve on Fig. 

A-32. N r = 4 W/nd 2 vy 2 = 4(4.67)/{jt(£)[(9. 1)(14.7)/18.0](10~ 5 )](0.1250)} = 1.92 X 10 6 . 

From Fig. A-32, C = 0.984. Recalculating, W = 4.66 lb/s. 

17.162 A 100-mm-diameter pipe has a 50-mm-diameter, long constriction. If the mercury manometer indicates a 
column-height difference of 200 mm, estimate the flow rate of water passed by the pipe. 

f We assume that the streamlines are parallel at locations 1, 2, and 3 (Fig. 17-43). Applying the Bernoulli 
equation with mechanical-energy loss for the sudden contraction between points 1 and 2 gives pjpg + V 2 J2g - 
K sc (,V 2 2 /2g) = Pz/pg + Yl/lg. The Bernoulli equation with mechanical-energy loss for the sudden enlargement 
between points 2 and 3 gives p 2 lpg + Vl/2g — K SE (Vl/2g) = pj pg + V\l2g. The steady incompressible 
continuity equation gives V, = V 3 = ( d/D) 2 V 2 . The pressure change indicated by the manometer is p x -p 2 = 

{p i ~Pi) + (p 2 —pi)- Using the Bernoulli equation to eliminate the pressure differences p, — p 2 and p 2 —p } and 
continuity to eliminate V, and V 3 , w e get p, — p 3 = (A~ sc + K s ^)\p V\. But Q = (jtd 2 /4)V 2 and p t — p 3 = 

pg( s.g.Hg - 1 )h. Then Q = (jRf 2 /4)V2g/t(s.g. Hg - 1)1 (K &c + K s E ). From F ig. A-33, K sc = 0.478 and from _ 

A: se = (1 - A,/A 2 ) 2 , K se = (1 - 0.25) 2 = 0.5625. Then Q = (^/4)(0.050) 2 V2(9.80)(0.200)(13.6 - l)/(0.478 + 0.5625) 
0.0135 m 3 /s. 



Fig. 17-43 


17.163 Find q for flow of water in a pipe of inside diameter D of 100 mm using a Venturi meter with a machined 

convergent section. The throat diameter d of the Venturi meter is 60 mm. The Venturi meter is in a pipe section 
having an inclination 6 (see Fig. 17-44) of 45°. The distance from 1 to 2 in the meter is 120 mm and the value of 
h for the manometer is 140 mm. Take p = 999 kg/m 3 and p = 1.12 x 10 -3 Pa • s. 



Fig. 17-44 
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f We note that (C d ) yc „ for this case is 0.995. We need next the value of p, - p 2 . This is easily determined as 
follows from manometry: p, + y H2 o(<5 +l + h)=p 2 + /y H2 o + hy m , p x -p 2 = A(y Hg - y H2 o) - y H2 o$ = 
(0.140)(13.6 - 1)(999)(9.81) - (999)(9.81)(0.120)(0.707) = 16456 Pa. We now compute V 2 in q, cl = 
(C d ) ven A 2 (2{[(p, -p 2 )/p] + (z, - z 2 )g}/[l - (A 2 M,) 2 ]) 1/2 by deleting A 2 in the formula. Thus, V 2 = 

0.995(2{[16 456/999] + (0.120)(0.707)(9.81)}/[1 — (t§>) 4 ]}) 1/2 where we used diameters squared in place of 
areas. We get from the last equation and continuity V 2 = 6.27 m/s, V, = (0.6 2 )(6.27) = 2.26 m/s. We must next 
compute N r for the pipe: N R = pV,D/p - [(999)(2.26)(0.100)/(1.12 x 10 3 )] = 2.02 x 10 5 . We see that the 
Reynolds number is within the proper range for the (C d ) vc „ we have used, and so q = (V 2 )(A 2 ) = 

(6.27)[(zr)(0.060 2 )/4] = 0.01773 m 3 /s. 

17.164 Consider in Prob. 17.163 that we have a flow of air at a temperature of 40 °C and a pressure of 200 kPa abs. The 
pipe as before is 100 mm in inside diameter, but the diameter in the Venturi is now 20 mm. The height h is 

140 mmHg. What is the mass flow rate? 

f We can use the same C d as in incompressible flow, which is 0.995. We next determine Y, so we can use 
rh = p,C d2 4 3 {2[(pi — P 2 )/pi]/[l ~ (j 4 2 M,) 2 ]} ,/2 Y. We need p 2 for this purpose. Thus, p 2 =p, — A p = 200000 — 
(0.140)(9806)(13.6) = 181.3 kPa. The ratio p 2 /p, is then p 2 /pi = 181.3/200 = 0.907. Noting that AJA X = 

(d/D) 2 = (0.020/0.100) 2 = 0.04, we go to Fig. A-34 to get Y: Y = 0.95. Finally, we need p,. Using the equation 
of state of a perfect gas, p, = pJRT x = 200 000/[(287)(313)] = 2.2264 kg/m 3 , rh = p, C d A 2 {l\(p x — p 2 )/p,]/[l — 

(. AJA x f]Y n Y = (2.2264)(0.995)[(jt)( 0.020 2 )/4]{2[(200 000 - 181 300)/2.2264]/[l - (0.04 2 )]} ,,2 (0.95) = 

0.0858 kg/s. 

17.165 A 3-m by 1.5-m Venturi meter carries water at 25 °C. A water-air differential manometer has a gage difference 
of 72 mm. What is the discharge? 

I Q = C u A 2 V2g(Ap/y)/[l - (D 2 /D,) 4 ]. Assume N„> 3 x 10 5 . From Fig. A-35, C„ = 0.983. 

Q = (0.983)[(jt)( 1.5) 2 /4]V(2)(9.807)(0.072)/[1 - (^j 5 ) 4 ] = 2.13 m 3 /s 
N r = D x V x /v V 2 = QIA 2 = 2. 13/[(jt)( 1.5) 2 /4] = 1.21 m/s 

[(zr)(3) 2 /4]( V,) = [(zr)(l. 5) 2 /4](1.21) V, = 0.302 m/s 

N r = (3)(0.302)/(9.02 X 10 7 ) = 1.00 x 10 6 
From Fig. A-35, C v — 0.983. Hence, Q = 2.13 m 3 /s. 

17.166 What is the pressure difference between the upstream section and throat of a 140-mm by 70-mm horizontal 
Venturi meter carrying 46 L/s of water at 58 °C? 

I Q = C„A 2 V2g(Ap/y)/[l - (D 2 /D,) 4 ] V x = Q/A x = (46 x 10- 3 )/[(zr)(0.140) 2 /4] = 2.988 m/s 

N r = V x D x /v = (2.988)(0.140)/(5.70 x 10' 7 ) = 7.34 x 10 5 

From Fig. A-35, C„ = 0.984. 

46 x 10 -3 = (0.984)[(zr)(0.070) z /4] V(2)(9.807)(Ap /9.79)/[l - ( ,1) 4 ] Ap = 69.0 kPa 

17.167 A 14-in by 7-in Venturi meter is mounted in a vertical pipe with the flow upward. 2900 gpm of oil, s.g. = 0.82, 
p = 0.1 P, flows through the pipe. The throat section is 7 in above the upstream section. What is p, - p 2 ? 

f Q = C v A 2 y/2g[-h + (p, -p 2 )/y]/[l - (D 2 /D,) 4 ] 

v x = Q/A x = (2900)(0.002228)/[( jr)(y|) 2 /4] = 6.044 ft/s 
N r = pD x VJp = [(0.82)(1.94)](H)(6.044)/(0.1/479) = 5.37 x 10 4 
From Fig. A-35, C v = 0.962. 

(2900)(0.002228) = (0.962)[(^)(^) 2 /4]V(2)(32.2){-^ + (p, -p 2 )/[(0.82)(62.4)]}/[l - (^) 4 ] 
p, —p 2 = 500.3 lb/ft 2 or 3.47 lb/in 2 

17.168 Air flows through a Venturi meter in a 50-mm-diameter pipe having a throat diameter of 25 mm, C„ = 0.97. For 
p, = 800 kPa abs, T, = 35 °C, p 2 = 520 kPa abs, calculate the mass per second flowing. 


rh = C„ YA 2 y/2p x Ap/[1 - (D 2 /D,) 4 ] p 2 /p, = 520/800 = 0.650 


IX/D x = 25/50=1/2 
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From Fig. A-26, Y = 0.78. 

p = p/RT p, = 800/[(0.287)(35 + 273)] = 9.050 kg/m 3 
m = (0.97)(0.78)[(^)(0.025) 2 /4]V(2)(9.050)r(800 - 520)(1000)]/[1 - G) 4 ] = 0.864 kg/s 

17.169 Oxygen, p, = 37 psia, T t = 100 °F, flows through a 2-in by 1-in Venturi meter with a pressure drop of 5 psi. Find 
the mass per second flowing. 

I m = C„VA 2 V(2p, Ap)/[1 - (D 2 /D,) 4 ]. Assume C„ = 0.984. 

P 2 /P 1 = (37 - 5)/37 = 0.865 D 2 /D, = 1/2 = 0.500 

From Fig. A-26, Y = 0.91. 

p = p/RT p, = (37)(144)/[(1551)(100 + 460)] = 0.006134 slug/ft 3 
rh = (0.984)(0.91)[(jr)(l/12) 2 /4]V(2)(0.006134)[(5)(144)]/[l - (1/2) 4 ] = 0.01499 slug/s 
Vi = m/p^A x = 0.01499/{(0.006134)[(nr)(^) 2 /4]> = 112 ft/s 
N k = p,D, V,/p = (0.006134)(£)(112)/(4.18 x 10~ 7 ) = 2.74 x 10 5 

From Fig. A-35, C„ = 0.984 is O.K. 

17.170 Solve Prob. 17.73 for a Venturi nozzle. 

f For the Venturi guess a ~ 1.0 and iterate Eq. (2) of Prob. 17.73: or = 1.0, /8 = 0.447, C d = 0.9806. This 
rapidly converges to give /5 = 0.4468, d = fiD = 89 mm. The throat velocity is 2.0/(0.4468) 2 = 10.0 m/s, and the 
throat head is (10.0) 2 /[2(9.81)] = 5.12 m. From Fig. A-24 for the Venturi estimate K m ~ 0.15; hence 
h m = 0.15(5.12 m) = 0.8 m. 

17.171 It is planned to equip a 20-cm-diameter pipe carrying water at 20 °C with a modern Venturi nozzle. In order for 
international standards to be met, what is the permissible range of flow rates and nozzle diameters? 

f Flow range: 

1.5 x 10 5 < N r <2 x 10 6 1.5 x 10 5 <\QplnpD <2 x 10 6 

1.5 x 10 5 < (4)(2)(998)/[(jr)(1.02 x 10“ 3 )(0.20)] < 2 x 10 6 0.0241 m 3 /s < Q < 0.321 m 3 /s 

Size range: 

0.316 <[p = d/D]< 0.775 0.316 < d/20 <0.775 6.32 cm<d< 15.50 cm 

17.172 For Prob. 17.171, what is the permissible range of pressure drops? Would compressibility be a problem for the 
highest pressure-drop condition? . 

I From Fig. A-36, 0.9236 <C d < 0.9847. 

Q = (Q7rd 2 /4)V(2 Ap)/[p(l - p 4 )} d = pD= 0.20/5 
A p = (1.598 x 10 6 )(1 - /3 4 )(e/QS 2 ) 2 
Smallest A p occurs at largest /3 and smallest Q. 

(A p) min = (1.598 x 10 6 )(1 - 0.775 4 ){0.0241/[(0.9847)(0.775) 2 ]} 2 = 1.696 kPa 
Largest A p occurs at smallest /3 and largest Q. 

(Ap) max = (1.598 x 10 6 )(1 - 0.316 4 ){0.321/[(0.9236)(0.316) 2 ]} 2 = 19.2 MPa 
Since (Ap) max is much smaller than the bulk modulus of water (2190 MPa), compressibility is not important. 

17.173 Light oil (s.g. = 0.92, v = 10 -5 ft 2 /s) flows down an 8-in vertical pipe through a 4-in Venturi nozzle as in Fig. 
17-45. If the mercury manometer reads a deflection of 5 in, what is the estimated flow rate? 
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Q = C d A,V(2 Ap)/[p(l - 0 4 )] = 0.9858 - 0.I960 4 5 0 = d/D = | = 0.500 

C rf = 0.9858 - (0.196)(0.500) 4 5 = 0.9771 
Ap = (p M - p 0 )g/i = (s.g.„ - s.g.„)yh = (13.6 - 0.92)(62.4)(^) = 329.7 lb/ft 2 
Q = (0.9771)[(?r)('n) 2 /4]V(2)(329.7)/{[(0.92)(1.94)](l - 0.500 4 )} = 1.69 ft 3 /s 
N r = AQ/jivD = (4)(1.69)/(^)(10- 5 )(^) = 3.23 x 10 5 (O.K.) 


17.174 A Venturi meter (Fig. 17-46) is a carefully designed constriction whose pressure difference is a measure of the 
flow rate in a pipe. Using Bernoulli’s equation for steady incomp r essible flow with n o losses, show that flow rate 
Q is related to manometer reading h by Q « [A 2 N 1 - (D 2 /A) 4 ]V[2g/i(p M - p)/p] where p M is the density of 
the manometer fluid. 



Fig. 17-46 


Bernoulli (no losses): pjp ±v\l 2 + gZi =p 2 lp + vi/2 + gz 2 . Since gz l = gz 2 , V 2 
= V2(p 1 -p 2 )/{p[l-(D 2 /A) 4 ]}, Q =A 2 V 2 . 


Manometer: p x —p 2 = (p M - p )gh. _ __ 

Combining these, Q «[A 2 /Vl ~{D 2 /D 1 ) 4 ]y/2gh(p M - p)/p. 


17.175 Water flows from a reservoir over a dam that is essentially a broad-crested weir. The dam is 20 ft long. How 
much higher will the water surface in the reservoir be above the top of the dam when the discharge over the 
dam is 1000 cfs? 

f Q = CLH 1S 1000 = (3.09X120X// 15 ) H= 1.94 ft 

17.176 A sharp-crested, suppressed weir is under a head of 1.65 m. The weir is 2.5 m long and has a height of 4.50 m. 
What is the flow rate of water over the weir? 
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f C = 0.611 + 0.0 75(H/H W ) = 0.611 + 0.075(1.65/4.50) = 0.6385 

Q = C(§)LV2g H' 5 = (0.6385)(|)(2.50) V (2)(9.807)(1.65) 1 ' 5 = 9.99 m 3 /s 

17.177 A sharp-crested, contracted, rectangular weir is to carry water at a flow rate of 12.75 cfs. What must the weir 
width be in order for the head of flow to be 1.50 ft? 

I Q = CL la2 H 1A1 12.75 = (3.10)(L 1O2 )(1.50) 147 L = 2.23 ft 

17.178 A sharp-crested, contracted, triangular weir with a weir angle of 80° carries water under a head of 0.955 m. Find 
the flow of water over the weir. 

f 2 = Ca)V2g [tan (6/2)]H 2 S = (0.60)(f 3 )V(2)(9.807) [tan (8072)](0.955) 25 = 1.06 m7s 

17.179 Water flows over a Cipolletti weir 8.0 ft long under a head of 1.2 ft. What is the flow rate of water over the 
weir? 

I Q = CLH 15 = (3.367)(8.0)(1.2) 1 ' 5 = 35.4 ft 3 /s 

17.180 For the same conditions as given in Prob. 17.178 except that the weir is submerged and the downstream water 
surface is 0.450 m above the top of the weir, find the flow rate over the submerged weir. 

f 2 = <2i[l - (d/h) n f ™ Qi = 1.06 m 3 /s (from Prob. 17.178) 

Q = (1.06)[1 - (0.450/0.955) 2 5 ]° 385 = 0.995 m 3 /s 

17.181 A sharp-crested, suppressed weir is under a head of 2.2 ft. The weir’s length is 10.0 ft, and its height is 4.0 ft. 
Determine the flow rate of water over the weir. 

I C = 0.611 + 0.075 (H/H w ) = 0.611 + 0.075(2.2/4.0) = 0.6522 

Q = C(|)LV2g H' 5 = (0.6522)(§)(10)V(2)(32.2) (2.2) 15 = 114 ft 3 /s 

17.182 A sharp-crested, contracted, rectangular weir carries water at a flow rate of 1.81 m 3 /s. What must the length of 
the weir be in order for the head of flow to be 0.8 m? 

I Q = CL 102 Z/ 147 181 = (1.69)(L IO2 )(0.8) 1 ' 47 L = 1.475 m 

17.183 A sharp-crested, contracted, triangular weir with a weir angle of 60° carries water under a head of 1.23 ft. 
Determine the flow rate of water over the weir. 

I Q = C(fs)V2g [tan (9/2)\H 2 5 = (0.60)(£)V(2)(32.2) [tan (60°/2)](1.23) 2 5 = 2.49 ft 3 /s 

17.184 The rate of flow of water over a sharp-crested, contracted, 45° triangular weir is 0.823 cfs. Determine the head 
of flow. 

J Q = C(fi)V2g [tan (6/2)]H 2 5 0.823 = (0.60)(£)V(2)(32.2) [tan {45°/2))(H) 2 5 H = 0.902 ft 

17.185 What length of a Cipolletti weir should be constructed in order that the head of flow will be 0.91 m when the 
rate of flow is 3.45 m 3 /s? 

I Q = CLH' 5 3.45 = (1.859)(L)(0.910) 1,5 L = 2.14 m 

17.186 Compute the rate of flow of water over a 4.5-ft-long Cipolletti weir under a head of 1.15 ft. 

I Q = CLH 15 = (3.367)(4.5)(1.15) 15 = 18.7 ft 3 /s 

17.187 Water flows from a reservoir over a dam that is essentially a broad-crested weir. The dam is 45 m long, and the 
head of flow is 0.83 m. Compute the discharge of water over the dam. 

I Q = CLH 15 = (1.71)(45)(0.83) 15 = 58.2 m 3 /s 

17.188 Given the same conditions as Prob. 17.181 except that the weir is submerged and the downstream water surface 
is 0.96 ft above the top of the weir, determine the flow rate of water over the weir. 

I 2 = 2i[l - (d/h) n ]° 385 Q 1 = 114 ft 3 /s (from Prob. 17.181) 

2 = (114)[1 - (0.96/2.2) 15 ] 0 ' 385 = 100 ft 3 /s 
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17.189 Flow is occurring in a rectangular channel at a velocity of 3 fps and depth of 1.0 ft. Neglecting the effect of 
velocity of approach, determine the height of a sharp-crested, suppressed weir that must be installed to raise the 
water depth upstream of the weir to 4 ft. 

I Q = 3.33LH 312 = Av = (1.0L)(3) = 3.00L 3.00L = (3.33L)(tf) 3/2 

H = 0.93 ft Height of weir = 4 ~ 0.93 = 3.07 ft 

17.190 A rectangular, sharp-crested weir 1.0 m high extends across a rectangular channel which is 3.3 m wide. When 
the head is 0.49 m, find the rate of discharge by neglecting the velocity of approach. 

f Q = 1.84 LH* 2 = (1.84)(3.3)(0.49) 3 ' 2 = 2.08 m 3 /s 

17.191 Suppose the rectangular weir of Prob. 17.190 is contracted at both ends. Find the rate of discharge for a head of 
0.49 m by the Francis formula. 

I Q = 1.84 LH y2 = (1.84)[3.3 - (2)(0.1)(0.49)](0.49) 3 ' 2 = 2.02 m 3 /s 

17.192 Develop a table of C d versus P/H with H as a parameter. Use the Rehbock formula. 

I C d = 0.605 + 1/305 H + 0.08H/P. For P/H = 0.5 and H = 0.2, C d = 0.605 4-1/[(305)(0.2)] + 0.08/0.5 = 

0.781. Similarly, for additional values of P/H and H: 


P/H 

c d 

ta 

N 

e 

II 

&3 

1.0 ft 

5.0 ft 

0.5 

■ 

0.768 


1.0 

1 

0.688 


2.0 

I | 

0.648 

0.645 

5.0 

0.637 

0.624 

0.621 

10.0 

0.629 

0.616 

0.613 


17.193 What is the rate of discharge of water over a 60° triangular weir when the head is 0.9 ft? 

f Q = CX n)V2g [ta n (6/2)](H 5 ' 2 ). From Fig. A-37, C d = 0.582. Q = 

(0.582Xts)V( 2X32.2) [tan (6072)](0.9) 5 ' 2 = 1.11 ft 3 /s. 

17.194 With the same head, what would be the increase in discharge obtained by doubling the notch angle in Prob. 
17.193? 

I Q = CJn)V 2g [ta n (6/2)\(H 512 ). From Fig. A-37, C d = 0.581. Q = 

(0.581Xts)V( 2X32.2) [tan (120°/2)](0.9) 5/2 = 3.31 ft 3 /s, increase = (3.31 - 1.11)/1.11 = 1.98, or 198 percent. 

17.195 What would be the head for a discharge of 2.6 cfs of water over a 90° triangular weir? Use a value of C d of 0.58. 

I Q = C/(B)V2g [tan (6/2)](H 5n ) 2.6 = (0.58)(ft)V(2)(32.2) [tan (90°/2)](H 5/2 ) H = 1.02 ft 

17.196 For the Cipolletti weir, derive the slope (j: 1) of the sides of the trapezoid by setting the reduction in discharge 
due to contraction equal to the increase in discharge due to the triangular area added. 

f By the Francis formula, the decrease in flow due to two contractions is Q = C rf (§)V2g LH 3r2 , A Q = 

Q(l)V2g [(2)(0.1 h)]H m . This deficiency is made up by the equivalent triangular weir of angle 6, for which 
Q = C d (h)y/2g [tan (6/2)](H 5 ' 2 ). Equating these, Q(f)V% [(2)(0.1 H))H™ = C d (h)^/2g [tan (6/2)](H 5n ). 
Assuming C d is the same for both weirs, tan (0/2) = 0.2500, or side slope is ?: 1. 

17.197 Develop in general terms an expression for the percent of error in Q over a triangular weir if there is a small 
error in the measurement of the vertex angle. Assume there is no error in the weir coefficient. Compute the 
percent error in Q if there is a 3° error in the measurement of the total vertex angle of a triangular weir having a 
total vertex angle of 60°. 
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f Q = C,(fj)(2g) 1/2 [tan (0/2 )\H 5f2 9Q/90 = C,(£)(2g) 1/2 ff 5/2 {(0/00)[tan (0/2)]} 

9Q/Q = (9/30){[tan (0/2)] 00}/tan (0/2) = sec 2 (0/2)(|) 00/[tan (0/2)] = 00/[2 sin (0/2) cos (0/2)] 

For the case where 00 = 3° and 0 = 60°: 0/2 = 30°, so that 3Q/Q = 3(jr/180)/[2(0.500)0.866] = 0.0453 = 4.53 
percent. 

17.198 A broad-crested weir rises 0.4 m above the bottom of a horizontal channel. With a measured head of 0.7 m 
above the crest, what is the rate of discharge per unit width? 

I Q = LVg (\f a E ir2 = LV9.807 + V\/2gf 2 

Q/L = q = (1.705){0.7 + V?/[(2)(9.807)]} M 

But q = (0.7 + 0.4)Vi: V, = q/l.l, q = (1.705){0.7 + (< ? /l.l)7[(2)(9.807)]} 3/2 , q = 1.11 m 3 /s/m (by trial and 
error). 

17.199 A broad-crested weir of height 2.50 ft in a channel 6.00 ft wide has a flow over it of 11.50 cfs. What is the water 
depth just upstream of the weir? 

I q = 11.5/6 = 1.92 cfs/ft y 2 = y c = (q 2 /g) t/3 = (1.92 2 /32.2) 1/3 = 0.4856 ft 

V 2 = q/y 2 = 1.92/0.4856 = 3.954 ft/s y, + V}/2g = 2.5 + 0.4856 + 3.954 2 /[(2)(32.2)] 

But V, = 1.92 /y t : y, + (1.92/y,)7[(2)(32.2)] = 3.228, y, = 3.22 ft (by trial and error). 

17.200 A 90° V-notch weir is used to measure a flow rate of 0.29 cfs. Assuming C d is known precisely, compute the 
percentage of error in Q that would result from an error of 0.01 ft in head measurement. 

I Q = C,(£)(2g) 1/2 [tan (0/2 )]H 5n . For 0 = 90°, C„ = 0.587, and Q = 0.29 cfs: H = 0.422 ft. BQ/9H = 
Ci(n)(2g) 1/2 [tan (0/2)](|)// 3/2 , 9Q/Q = § H 3a (9H)/H 5 ' 2 = 5(9H)/2H = 5(0.01)/[2(0.422)] = 0.0592 = 5.92 
percent. 

17.201 Work Prob. 17.200 for a rectangular weir with end contractions having a crest length of 3 ft. 

I Q = 3.33LH 3n L = 3 ft and Q = 0.29 cfs H = 0.0945 ft 

9Q/9H = C w L(l)H m 3Q/Q = lH m (3H)/H y2 = 3(9H)/2H = 3(0.01)/[2(0.0945)] = 0.159 = 15.9 percent 

17.202 Derive the theoretical formula for flow over a rectangular weir. Refer to Fig. 17-47. 



Fig. 17-47 


f Consider the rectangular opening in Fig. 17-47 to extend the full width VP of the channel (b = W). With the 
liquid surface in the dashed position, application of the Bernoulli theorem between A and an elemental strip of 
height dy in the jet produces, for ideal conditions, (0 + V\j2g + y) - no losses = (0 + V 2 et /2g + 0) where V A 
represents the average v elocity of the pa rticles approaching the opening. 

Thus the ideal V jet = V2g(y + V A /2g) and 

Ideal dQ = dAV ia = (b dy)V^ x = b\/2g (y + dy = b\[Tg jf* (y + dy 
A weir exists when h 1 = 0. Let H replace h 2 and introduce a coefficient of discharge C to obtain the actual 
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flow. Then 


fi =c^f ( , + fr,=ic^[(« + fr-(fn^[(« + fr-(sn 


Notes: 


(1) For a fully contracted rectangular weir the end contractions cause a reduction in flow. Length b is corrected 
to recognize this condition, and the formula becomes 

Q =m(b — MH + V\!2g)™ - (V 2 J 2g)“] (2) 

(2) For high weirs and most contracted weirs the velocity head of approach is negligible and 

Q =m(b - tqH)H 312 for contracted weirs (2) 

or Q = mbH 3a for suppressed weirs (4) 

(3) Coefficient of discharge C is not constant. It embraces the many complexities not included in the derivation, 
such as surface tension, viscosity, density, nonuniform velocity distribution, secondary flows, and possibly 
others. 


17.203 Derive the theoretical formula for flow through a triangular-notched weir. Refer to Fig. 17-48. 

b -H 


Fig. 17-48 

f From Prob. 17.202, V in = V2 g(y + negligible V 2 /2g) and ideal dQ = dAV ja = x dy\/2gy. 

By similar triangles, x/b = (H -y)/H and b = 2H tan (0/2). Then 

Actual Q = (|)cV2g J V - y)y m dy 

Integrating and substituting, 

Q = nC\/2g H 5 ' 2 tan (|0) ( 1 ) 

A common V-notch is the 90° opening. Expression (1) then becomes Q = 4.28 CH 512 where an average value 
of C is about 0.60 for heads above 1.0 ft. 

17.204 During a test on an 8-ft suppressed weir which was 3 ft high, the head was maintained constant at 1.000 ft. In 
38.0 s, 7600 gal of water were collected. Find weir factor m in Eqs. (1) and (4) of Prob. 17.202. 

f (a) Change the measured flow to cfs. Q = 7600/[(7.48)(38)] = 26.7 cfs. 

(b) Check the velocity of approach. V = Q/A = 26.7/[(8)(4)] = 0.834 ft/s. Then V 2 /2g = (0.834) 2 /2g = 

0.018 ft. 

(c) Using (1), Q = mb[(H + V 2 /2g) 3/2 - (V 2 /2gf 2 ] or 26.7 = (m)(8)[(1.000 + 0.011) 3/2 - (0.0108) 3/2 ] and 
m = 3.29. Using (4), Q - 26.7 = mbH 312 = (m)(8)(1.000) 3 ' 2 and m = 3.34 (about 1.8 percent higher neglecting 
the velocity of approach terms). 

17.205 Determine the flow over a suppressed weir 10.0 ft long and 4.00 ft high under a head of 3.000 ft. The value of m 
is 3.46. 

f Since the velocity head term cannot be calculated, an approximate flow is Q = mbH 3 ' 2 = 3.46(10)(3.000) 3/2 = 
178.8 cfs. For this flow, V = 178.8/[(10)(7)] = 2.554 ft/'s and V 2 /2g = 0.101 ft. Using Eq. (i) of Prob. 17.202, 

Q = 3.46(10)[(3.000 + 0.101) 3/2 - (0.101) 3/2 j = 188 cfs. 
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This second calculation shows an increase of 9 cfs or about 5.0 percent over the first calculation. Further 
calculation will generally produce an unwarranted refinement, i.e., beyond the accuracy of the formula itself. 
However, to illustrate, the revised velocity of approach would be V = 188/[(10)(7)] = 2.69 ft/s, V 2 /2g = 0.112ft 
and Q = 3.46(10)[(3.000 + 0.112) 3/2 — (0.112) 3/2 ] = 189 cfs. 

17.206 A suppressed weir, 25.0 ft long, is to discharge 375.0 cfs into a channel. The weir factor m = 3.42. To what 
height Z (nearest tbs ft) may the weir be built, if the water behind the weir must not exceed 6 ft in depth? 

I Velocity of approach V = Q/A = 375.0/[(25)(6)] = 2.50 ft/s. Then 375.0 = (3.42)(25.0){[H + (2.50) 2 /2g]“ - 
[(2.50) 2 /2g] 3/2 > and H = 2.59 ft. Height of weir is Z = 6.00 - 2.59 = 3.41 ft. 

17.207 A contracted weir, 4.00 ft high, is to be installed in a channel 8 ft wide. The maximum flow over the weir is 
60.0 cfs when the total depth back of the weir is 7.00 ft. What length of weir should be installed if m = 3.40? 

f Velocity of approach V = Q/A = 60.0/[(8)(7)] = 1.071 ft/s. It appears that the velocity head is negligible in 
this case. Q = m(b- & H)(Hf' 2 , 60.0 = 3.40 [b - ^(3.00)](3.00) 3/2 , b = 4.00 ft long. 

17.208 The discharge from a 6-in-diameter orifice, under a 10.0-ft head, C = 0.600, flows into a rectangular weir 
channel and over a contracted weir. The channel is 6 ft wide and, for the weir, Z = 5.00 ft and b = 1.00 ft. 
Determine the depth of water in the channel if m = 3.35. 

f The discharge through the orifice is Q = CA\/2gh = (0.600)[3nr(|) 2 ]V2g(10.0) = 2.99 cfs. For the weir, 

Q = m(b — &H)H m (velocity head neglected) or 2.99 = 3.35(1.00 - 0.20 H)H™ and H V2 - 0.20 H 512 = 0.893. By 
successive trials, H = 1.09 ft; and the depth = Z + H = 5.00 +1.09 = 6.09 ft. 

17.209 The discharge of water over a 45° triangular weir is 0.750 cfs. For C = 0.580, determine the head on the weir. 

I Q = C(n)V2g [tan (d/2)]H s/2 

0.750 = (0.580)(n)V(2)(32.2) [tan (4572)]tf 5 ' 2 H = 0.881 ft 

17.210 What length of Cipolletti weir should be constructed so that the head will be 1.54 ft when the discharge is 
122 cfs? 

I Q =3.367bH 3 ' 2 122 = (3.367)(h)(1.54) 3/2 h = 19.0 ft 

17.211 Derive the expression for the time to lower the liquid level in a tank, lock, or canal, by means of a suppressed 
weir. 

I Qdt= -A t dH ( mLH 3n ) dt = -A T dH 



17.212 A rectangular flume, 50 ft long and 10 ft wide, feeds a suppressed weir under a head of 1.000 ft. If the supply to 
the flume is cut off, how long will it take for the head on the weir to decrease to 4 in? Use m = 3.33. 

I t = (2A T lmL)(H2 ia — Hi m ) (from Prob. 17.211) 

= (2)[(50)(10)]/[(3.33)(10)][(^)- 1/2 - 1.000“ 1/2 ] = 22.0 s 

17.213 The head on a sharp-crested, rectangular weir of height 2.0 ft and crest length 4.0 ft was incorrectly observed to 
be 0.38 ft when it was actually 0.40 ft. Determine the percentage error in the computed value of flow rate. 

I Q = CLH 312 dQ/dH = (l)CLH lr2 * AQ/AH AQ == AH(l)CLH 112 

AQ/Q **• (l)(AH/H) = (§)(0.02/0.40) = 0.075 or 7.5 percent 

17.214 It is desired to measure a discharge which may vary from 0.6 to 2.4 cfs with a relative accuracy of at least 0.4 
percent through the entire range. A stage recorder which is accurate to the nearest 0.001 ft is available. What is 
the maximum width of rectangular sharp-crested weir that will satisfy these conditions? Assume the weir has 
end contractions and C„ = 3.5. Neglect velocity of approach. 


f 


Q = 3.5Lh 32 


dQIdh = 5.25 Lh m - AQ/Ah 


I 
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Thus A Q = 5.25 Lh la { Ah). A Q/Q = (5.25/3.50)(A/i//i) = l.5(Ah/h), 0.004 = 1.5(0.001//i), h = 0.0015/0.004 = 
0.375 ft. h must be aO.375 ft to acquire desired accuracy: Q = 0.6 = 3.5L(0.375) 3/2 , L £ 0.747 ft. 

17.215 What is the maximum permissible vertex angle of a V-notch weir that will satisfy the conditions of Prob. 

17.214? 

f Q = 4.28(0.58)/t 5/2 [tan (0/2)] = 2.48/i 5/2 [tan (0/2)] 

3Q/3h = §(2.48)/i 3/2 [tan (0/2)] = 6.2/« 3,2 [tan (0/2)]» AQ/Ah 

Thus A Q = 6.2/i 3/2 [tan (0/2)] Ah; AQ/Q = 2.5(A/i//i), 0.004 = 2.5(0.001 /h), h == 0.625 ft; Q = 0.6 = 

2.48/i 5/2 [tan (0/2)] = 2.48(0.625) 5/2 [tan (0/2)], tan (0/2) = 0.6/(2.48(0.309)] = 0.783, 0/2 £ 38°04', 0 < 76°08'. 

17.216 With a head of 0.12 m on a 60° F-notch weir, what error in the measured head will produce the same 
percentage error in the computed flow rate as an error of 1° in the vertex angle? 

f Q = 2.48/i 5/2 [tan (0/2)] 3Q/3h = 6.2/i 3/2 [tan (0/2)] * 3Q/3h 

Thus AQ = 6.2/i 3/2 [tan (0/2)] A/i; A Q/Q = 2.5(Ah/h), 3QI38 = 2.48/i 5/2 [sec 2 (0/2)]J = 1.24/i s/2 [sec 2 (0/2)] = 

AQ/A0. Thus AQ = 1.24/i 5/2 [sec 2 (0/2)] A0; AQ/Q = [(A0) sec 2 (0/2)]/(2 tan 0). For 0 = 30°, 

sec 2 (0/2)/tan (0/2) = 2.31, A0 = 2.5(A/i/0.12) = 2.31(l°)/2 = (2.31/2)(l/57.3)], A/« = 0.00097 m = 0.10cm. 

17.217 Tests on a 60°-notch weir yield the following values of head H on the weir and discharge Q : 


H,tt 

0.345 

0.356 

0.456 

0.537 

0.568 

0.594 

0.619 

0.635 

0.654 

0.665 

G,cfe 

0.107 

0.110 

0.205 

0.303 

0.350 

0.400 

0.435 

0.460 

0.490 

0.520 


Use the theory of least squares to determine the constants in Q = CH m for this weir. 

f Taking the logarithm of each side of the equation, In Q - In C + m In H or y = B + mx, it is noted that the 
best values of B and m are needed for a straight line through the data when plotted on log-log paper. 

By the theory of least squares, the best straight line through the data points is the one yielding a minimum 
value of the sums of the squares of vertical displacements of each point from the line; or, from Fig. 17-49, 

f = f ^ = S[y,-(-B+mx ,)] 2 
1 = 1 

where n is the number of experimental points. To minimize F, 3F/3B and 3F/3m are taken and set equal to 
zero, yielding two equations in the two unknowns B and m : 3F/3B = 0 = 2 £ [y, — (B + mr,)](— 1) from which 

2 )>i ~ nB - m 2 x t = 0 ( 1) 

and 3F/dm = 0 = 2 E [y, — (B + mr,)](—*,) or 

X *i.y. - B^x i -m^ t xf = 0 ( 2 ) 



X Fig. 17-49 
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Solving Eqs. (1) and (2) for m gives m = (£ *,y,7£* ; - E.y.7n)/(E*?/E*, - E*,-/«), B = (£y, - m £*,)/«. 
These equations are readily solved by hand calculator having the £ key, or a simple program can be written for 
the digital computer. The answer for the data of this problem is m = 2.437, C = 1.395. 

17.218 A rectangular, sharp-crested weir 15 m long with end contractions suppressed is 1.6 m high. Determine the 
discharge when the head is 300 mm. 

f Since the height of the weir is large compared to H, the upstream velocity head can be omitted; hence, 

Q = 1.83 LH 15 = (1.83)(15)(0.300)‘ 5 = 4.51 m 3 /s. 

17.219 In Fig. 17-50, L = 9 ft, P = 1.9 ft, and H = 0.90 ft. Estimate the discharge over the weir ( C = 3.33). 


Fig. 17-50 

I Q = CL(H + <xV 2 /2g) 15 V — Q/[(L)(P + H)\ Q = CL{H + aQ 2 /[(2gL 2 )(P + H) 2 ]}' 5 
Q = (3.33)(9){0.90 + 1.4Q7[(2)(32.2)(9) 2 (1.9 + 0.90) 2 ]} 15 = 26.7 ft 3 /s (by trial and error) 

17.220 A rectangular, sharp-crested weir with end contractions is 1.4 m long. How high should it be placed in a channel 
to maintain an upstream depth of 2.35 m for 0.40 m 3 /s flow? 

f Q = 1.83 L'H y2 where L' = L — 0.2 H (due to end contractions). 

0.40 = (1.83)(1.4 — 0.2H)(H) V2 H = 0.30 m P = 2.35 - 0.30 = 2.05 m (height of weir) 

17.221 Determine the head on a 45° V'-notch weir for a discharge of 225 L/s. 

f Q = C(n)V2g [tan (0/2)]// 5/2 = (0.58)(£)V(2)(9.807) [tan (45°/2)]ff 5a H = 0.691m 

17.222 Tests on a 90° V'-notch weir gave the following results: H = 200 mm, Q = 21.3 L/s, H = 430 mm, Q = 165 L/s. 
Determine the formula for the weir. 

# Let Q = AH": ^ = A(^) n , 21.3/1000 = A(^)". Dividing one equation by the other, 7.746 = 2.150", 
n = 2.67. jag = A(^) 267 , A = 1.57; Q = 1.57 H 2 67 . 

17.223 A broad-crested weir 1.8 m high and 9 m long has a well-rounded upstream corner. What head is required for a 
flow of 8.80 m 3 /s? 

f Q = 1.67LH 3 ' 2 8.80 = (1.67)(9 )H 2 ' 2 H = 0.700 m 

17.224 A weir in a horizontal channel is 12 ft wide and 4 ft high. The upstream water depth is 5.2 ft. Estimate the 
discharge if the weir is sharp-crested. 

f C w = 0.611 + 0.075 H/Y = 0.611 + (0.075)(5.2 - 4)/4 = 0.6335 

q = (|)(C H ,)(2g) 1/2 ff 3 ' 2 = (§)(0.6335)[(2)(32.2)] I/Z (5.2 - 4 f 2 = 4.455 ft 3 /s/ft Q = (12)(4.455) = 53.5 ft 3 /s 

17.225 Solve Prob. 17.224 if the weir is broad-crested. 

f C w = 0.65/(l + H/Y) 112 = 0.65/[l + (5.2 — 4)/4] 1/2 = 0.5701. Since everything else is the same as in Prob. 
17.224, we simply scale down the sharp-crested result: Q = (0.5701/0.6335)(53.5) = 48.1 ft 3 /s. 

17.226 A weir in a horizontal channel is 10 m wide and 1.4 m high. If the upstream depth is 3 m, estimate the channel 
discharge for a sharp-crested weir. 
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I C w = 0.611 + 0.0757//Y = 0.611 + (0.075)(3 - 1.4)/1.4 = 0.6%7 

q = (l)(C w )(2g) t/2 H 3a = (l)(0.6967)[(2)(9.807)] 1/2 (3 - 1.4) 3 ' 2 = 4.163 (m 3 /s)/m Q = (10)(4.163) = 41.6 m 3 /s 


17.227 Solve Prob. 17.226 if the weir is broad-crested. 

f c w = 0.65/(l + H/Y) 112 = 0.65/[l + (3 - 1.4)/1.4] 1/2 = 0.4440. Since everything else is the same as in Prob. 
17.226, we simply scale down the sharp-crested result: Q = (0.4440/0.6967)(41.6) = 26.5 m 3 /s. 

17.228 Show that the discharge of the 7-notch weir in Fig. 17-51 is given by Q = C»,(&)(2g) 1/2 (tan a)H 512 . Experiments 
show that C„ varies from 0.65 at a = 5° to 0.58 at a = 50°. 


Fig. 17-51 



f Assume V at any strip = V2gz, where z is measured down from the top. 

<2 = J VdA = J (2gz) m b dz where b = 6,^1 - j^j 

= \\igzr[b 0 (\-^j\ dz =(, 4 sK2g) i/2 (|j(// 5 ' 2 ) 
bJH = 2 tan a Q = (£)(2g) 1/2 (tan a)H sa 

A correction factor C„ is inserted to account for end and edge effects and upstream kinetic energy; hence, 

Q — C*($)(2g) 1,2 (tan oc)H sa . 

17.229 Wastewater flows through a Parshall flume with a throat width of 3.0 ft at a depth of flow of 2.5 ft. Find the flow 
rate. 

I Q= 4.0 Bh'- 522 * 0026 = (4.0)(3.0)(2.5) (1 522)(30)a ” 6 = 50.4 ft 3 /s 

17.230 Water is to flow through a proposed Parshall flume at a maximum flow rate of 30 m 3 /s. The width of the 
Parshall flume’s throat is to be 10.0 m. What should be the channel depth entering the flume? 

f Q = (2.293B+0.474)/i 16 30 = [(2.293)(10.0) + 0.474]/i 16 h = 1.17 m 

17.231 Wastewater flows through a Parshall flume with a throat width of 5.0 ft at a depth of flow of 3.2 ft. Determine 
the rate of flow of the wastewater. 

f Q = 4.0Bfi 1 ' 522flOOZ6 = (4.0)(5.0)(3.2) (1522)(50)0026 = 127 ft 3 /s 

17.232 Water is to flow through a Parshall flume at a maximum flow rate of 25 m 3 /s. The width of the throat of the 
Parshall flume is 8.0 m. What will be the depth of flow at maximum flow rate? 

I Q = (2.293B + 0.474)fi 1,6 25 = [(2.293)(8.0) + 0.474]/i' 6 h = 1.19 m 

17.233 The stilling-well depth-measurement scale of a Parshall flume with a 3-ft throat gives a head reading that is 
0.04 ft too large. Compute the percentage errors in flow rate when the observed head readings are 0.6 ft and 
2.2 ft. 

f Q = 4Bh' 52200 026 B = 3 ft Ah = 0.04 ft e = 0.04 ft 

% Error = {[(A + e)/h]' 5221,0026 - 1}(100) 3° 026 = 1.0290 

% Error = [(0.64/0.60)‘ 566 -1] = 0.106 or 10.6 percent 
If h = 2.2 ft, % Error = [(2.24/2.20) 1 ' 566 - 1] = 0.0286, or 2.86 percent. 

17.234 It is desired to measure the flow in a canal which may carry between 30 cfs and 90 cfs. The flow is to be 
measured to an accuracy of 2 percent, and the available water-level recorder is accurate to 0.01 ft. The canal is 
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on a very flat slope and the head loss in the measuring device should be as small as possible. What type and size 
of flow-measuring device would you recommend? 

I Try an 8-ft-throat Parshall flume: Q = 4Bh' 5528 0 026 = (4)(8)^' 522(8)0026 = 32 h' *”, dQ = 51.4A 0 * 07 dh. For 
Q = 30cfs, h = 0.961 ft, dQ/Q = (51.4)(0.961)°“"(O.Ol)^ = 0.0167 <0.02. For Q = 90cfs, h = 1.90ft, 
dQ/Q = (51.4)(1.90) o6O7 (0.01)/90 = 0.0084 < 0.02. So a Parshall flume with an 8-ft throat provides the required 
accuracy. 

17.235 A rectangular channel 2.0 m wide contains a sluice gate which extends across the width of the channel. If the 
gate produces free flow when it is open 0.15 m with an upstream depth of 1.15 m, find the rate of discharge, 
assuming C d = 0.60 and C c = 0.62. 

I Q = C d Ba[2g(y , -y 2 + V\/2g)] m y 2 = C c a = (0.62)(0.15) = 0.0930 m 

Find a trial Q by neglecting the V\/2g term in the equation above. 

Q = (0.60)(2.0)(0.15)[(2)(9.807)(1.15 - 0.0930 + 0)] 1/2 = 0.820 m 3 /s 
V, = Q/A, = 0.820/[(2.0)(l. 15)] = 0.357 m/s V\/2g = 0.357 2 /[(2)(9.807)] = 0.00650 m 

Q = (0.60)(2.0)(0.15)[(2)(9.807)(1.15 - 0.0930 + 0.00650)] ,/2 = 0.822 m 3 /s 

17.236 For the sluice gate shown in Fig. 17-52, if C v = 0.98, what is the flow rate? If C c — 0.62, what is the height of the 
opening? 


V, 2 /2 g 

...L 


2.2 m 


Rg. 17.52 

f V 2 = C„[2g(y, —y 2 + V\l2g)] m . Find a trial V 2 by neglecting the V\I2g term in the equation above. 

V 2 = (0.98)[(2)(9.807)(2.2 - 0.9 + 0)] 1/2 = 4.949 m/s V 2 y 2 = V,y, 

(4.949)(0.9) = (V,)(2.2) Vi = 2.025 m/s 

V 2 J2g = 2.025 2 /[(2)(9.807)] = 0.209 m V 2 = (0.98)[(2)(9.807)(2.2 - 0.9 + 0.209)] 1/2 = 5.332 m/s 

Second trial: 

(5.332)(0.9) = (V,)(2.2) V, = 2.181 m/s 

V\/2g = 2.181 2 /[(2)(9.807)] = 0.243 m V 2 = (0.98)[(2)(9.807)(2.2 - 0.9 + 0.243)] 1/2 = 5.391 m/s 



Third trial: 

(5.391)(0.9) = (V,)(2.2) V, = 2.205 m/s 

V\l2g = 2.205 2 /[(2)(9.807)] = 0.248 m V 2 = (0.98)[(2)(9.807)(2.2 - 0.9 + 0.248)] ,/2 = 5.400m/s 

Fourth trial: 

(5.400)(0.9) = (V,)(2.2) V, = 2.209 m/s V\/2g = 2.209 2 /[(2)(9.807)] = 0.249 m 
V 2 = (0.98)[(2)(9.807)(2.2 — 0.9 + 0.249)] 1/2 = 5.402 m/s (O.K.) 
q =y 2 V 2 = (0.9)(5.402) = 4.86 (m 3 /s)/m a =y 2 C c = 0.9/0.62 = 1.45 m 

17.237 A disk meter has a volumetric displacement of 30 mL for one complete oscillation. Calculate the flow for 76.5 
oscillations per minute. 

Q = (displacement per oscillation)(number of oscillations per unit time) 

= (30)(76.5) = 2295 mL/min = 2.295 L/min 



FLOW MEASUREMENT 0 573 


17.238 A disk water meter with volumetric displacement of 35 mL per oscillation requires 450 oscillations per minute to 
pass 0.30 L/s and 3740 oscillations per minute to pass 2.19 L/s. Calculate the percent error, or slip, in the meter. 

t Slip (Cactuai — Vindicated)/Vactual 

V = (displacement per oscillation)(number of oscillations per unit time) 

<2, = (0.035)(450)/60 = 0.2625 L/s Slip, = (0.30 - 0.2625)/0.30 = 0.0278 or 2.78 percent 
G 2 = (0.035)(3740)/60 = 2.182 L/s Slip 2 = (2.19 - 2.182)/2.19 = 0.0037 or 0.37 percent 

17.239 A volumetric tank 3 ft in diameter and 6 ft high was filled with oil in 17 min 22.4 s. What is the average 
discharge in gallons per minute? 

I Q = V/t = [(jt)( 3) 2 /4](6)/[17 + 22.4/60)] = 2.441 fP/min = (2.441)(7.48) = 18.3 gpm 

17.240 A weigh tank receives 79 N of liquid, s.g. = 0.83, in 13.9 s. What is the volume flow rate? 

f V = W/y = 79/[(0.83)(9.79)(1000)] = 0.009722 m 3 

Q = V It — 0.009722/(13.9) = 0.0007 m 3 /s = 0.7 L/s 

17.241 A critical-depth meter 15 ft wide has a rise in the bottom of 1.8 ft. For an upstream depth of 3.45 ft, determine 
the flow through the meter. 

I q = 0.517g ,/2 (y, — z + 0.55q 2 / gyf} 3 ' 2 

= (0.517)(32.2) ,a {3.45 - 1.8 + 0.55q 2 /[(32.2)(3.45) 2 ]} 3 ' 2 
= (2.934)(1.65 + 0.00l435q 2 ) 3 ' 2 

q = 6.51 cfs/ft (by trial and error) 

Q = (6.57)(15) = 98.6cfs 



CHAPTER 18 

Dimensional Analysis and Similitude 


18.1 The Brinkman number N B , often used in analysis of organic-liquid flows, is the ratio of viscous dissipation to 
heat conduction in a fluid. It is a dimensionless combination of viscosity p, flow velocity V, thermal conductivity 
k, and fluid temperature T. Derive the Brinkman number, using the fact that it is proportional to viscosity. 

f N b = f(fi, V, k, T) and is proportional to p. 

N B = {1} = B l V a k b T c = {M/LT}'{L/T} a {ML/T 3 8} b {6} c = M°L 0 T°6 0 
L: -l+a+b=0 M: l + f>=0 T: -l-a-3b = 0 8: -6+c = 0 

Hence, a = 2 and b = c = — 1. N B = pV 2 /kT. 

18.2 The velocity of sound c of a gas varies with pressure p and density p. Show by dimensional reasoning that the 
proper form must be c = (constant)(p/p) 1/2 . 

I c =f(p, p) = (constant^ 4 {L/T} = {M / LT 2 } a {M / L 3 } b 

M: 0 = a + b L: l = -a-3b T: -1 = -2a 

Hence, a = \ and b = c = (constant)(p/p) 1/2 . 

18.3 The speed of propagation C of a capillary wave in deep water is known to be a function only of density p, 
wavelength A, and surface tension a. Find the proper functional relationship, completing it with a dimensionless 
constant. For a given density and wavelength, how does the propagation speed change if surface tension is 
doubled? 

I C = /(p, A, a) = (constant)p°AV {UT} = {M/L 3 }“{L} b {M/T 2 } c 

M: 0 = a + c L: 1 = —3 a+b T: —1 = —2c 

Hence, a = ~\, b = c = {. C = (constant)(a/pA) 1 ' 2 . If a is doubled, C increases as V2, or 41 percent. 

18.4 The excess pressure A p inside a bubble is known to be a function of the surface tension and the radius. By 
dimensional reasoning determine how the excess pressure will vary if we double (a) the surface tension and ( b ) 
the radius. 

f Ap =/(cr, r) = (constant) {F/L 2 } = {F/L}“{L} b 

F: l = a L: -2=-a + b 

Hence, a - 1 and b = — 1. A p= (constant)(cr/r). (a) If a is doubled, Ap is doubled. ( b) If r is doubled, A p is 
halved. 

18.5 The pressure drop in a Venturi meter varies only with fluid density, velocity of approach, and the diameter ratio 
of the meter. Venturi meter 1 in water at 20 °C shows a 6-kPa drop when the approach velocity is 5 m/s. Meter 
2, geometrically similar to 1, is used in a g-m 3 /s flow of benzene (p = 680 kg/m 3 ). Find the upstream pipe 
diameter that will yield a 16-kPa drop in meter 2. 

f A p=f{p,V,d/D) A p/pV 2 = g(d/D) (Ap/pV 2 ), = (Ap/pV 2 ) 2 

(Ap/pV 2 ), = (6)(1000)/[(998)(5) 2 ] = 0.2405 

(Ap/pV 2 ) 2 = (16)(1000)/(680V 2 ) = 23.53/V 2 0.2405 = 23.53/ V 2 V = 9.891 m/s 

Q=AV i = (jtD 2 /4)(9.891) D„= 0.146 m or 146 mm 

18.6 For two hydraulic machines to be homologous, they mus t (a) be geometri cally similar, ( b ) have the same 
discharge coefficient when viewed as an orifice, QJ(A 1 \/2gHi) = Q 2 l{A 2 \/2gH 2 ), and (c) have the same ratio of 
peripheral speed to fluid velocity, (oD/(Q/A ). Show that the scaling ratios can be expressed as 

Q/ND 3 = constant and H/(ND ) 2 = constant. N is the rotational speed. 
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f (1) From condition (6), 

e./^iVHi) = QAAWW) 


( 1 ) 

From condition (c), 


a>xD x AJQ x — (O 2 D 2 A 2 IQi 

(QJ ft>iDi)( 0 * 2 ^ 2 / Q 2 ) = 

(2) 



Geometrical similarity yields AJ A 2 — D 2 /Dj = (Qi/<«i D 1 )(co 2 D 2 /Q 2 )- Hence, QJa> 2 D\ = Q 2 !a> 2 D\. 

(2) From E g. (1), QJAi = V HJH 2 Q 2 /A 2 . From Eq. (2), QJA t = (Q 2 /A 2 )(o) 1 D 1 /o) 2 D 2 ). Hence, 
c OiDJa) 2 D 2 = VHJH 2 , H 1 /((d 2 D 1 ) 1 = H 2 /((o 2 D 2 ) 2 . (N is rotational speed in revolutions per minute; oj is in 
radians per second. They are equivalent for modeling purposes.) 

18.7 Use the scaling ratios of Prob. 18.6 to determine the head and discharge of a 1:5 model of a centrifugal pump 
that discharges 42 m'/min at a 33 m head when turning at 200 rpm. The model operates at 1000 rpm. 

I From Prob. 18.6, //,/(«,A) 2 = H 2 /(w 2 D 2 ) 2 or H m = H p [((oJa> p )(D m /D p )] 2 = (33)[(^)(^)] 2 = 33.00 m; 
G./w.A = Q 2 /oj 2 D 2 or Q m = Q p (oj m /oj p )(D m /D p y = (42)(^)G) 3 = 1.68 m 3 /min. 

18.8 For an ideal liquid, express the flow Q through an orifice in terms of the density of the liquid, the diameter of 
the orifice, and the pressure difference. 

I Q =f{P, P, d) or Q = Kp“p b d c . Then, dimensionally, F°L?T~ X = (F‘T 2i, L- 4 ‘')(F i> L- 2 ' , )(L c ) and 0 = a + 6, 

3 = — 4a - 26 + c, —1 = 2a, from which a = — §, 6 = c = 2. Substituting, Q — Kp~ lr2 p' a d 2 or ideal Q = 
Kd 2 VpTp. Factor K must be obtained by physical analysis and/or experimentation. 

For an orifice in the side of a tank under head h, p = yh. To obtain the familiar orifice formula, let 
K = \/2(jr/4). Then ideal Q = \f2(ji/4)d 2 y/yh/p. But g = y/p; hence ideal Q = \nd 2 y/2gh. 

18.9 Determine the dynamic pressure exerted by a flowing incompressible fluid on an immersed object, assuming the 
pressure is a function of the density and the velocity. 

I p= /(p, F) or p = Kp“V b . Then, dimensionally, F'L~ 2 T° = (F a T 2a L~ 4<, )(L b T- b ) and 1 = a, -2 = -4a + b, 

0 = 2 a - b, from which a = 1, 6=2. Substituting, p = K P V 2 . 

18.10 Develop the expression for lost head in a horizontal pipe for turbulent incompressible flow. 

f For any fluid, the lost head is represented by the drop in the pressure gradient and is a measure of the 
resistance to flow through the pipe. The resistance is a function of the diameter of the pipe, the viscosity and 
density of the fluid, the length of the pipe, the velocity of the fluid, and the roughness K of the pipe. We may 
write (p, -p 2 ) =f(d, P, p, L, V, K) or 

{ Pl -p 2 ) = Cd a p b p c L d V\€ldY ( 1) 

From experiment and observation, the exponent of the length L is unity. The value of K is usually expressed 
as a ratio of the size of the surface protuberances e to the diameter d of the pipe, a dimensionless number. We 
may now write F l L~ 2 T° = (L°)(F'T'’L' 26 )(F c r 2c L- 4c )(L e r^')(^ / /L / ) and 1 = b + c, -2 = a - 2b - 4c + 1 + 
e +f —f, 0 = 6+ 2c — e from which the values of a, 6, and c may be determined in terms of e, or c = e — 1, 

6=2 -e, a = e — 3. Substituting in (1), (pi~p 2 ) = Cd‘ 3 p 2 ~ e p e ~'L'V e (e/d)'. Dividing the left side of the 
equation by w and the right side by its equivalent pg, (p, -p 2 )/w = lost head = 

C(e/dYL(d e ~ 3 V‘p" 1 p 2 ~ e )/(pg), which becomes (introducing 2 in numerator and in denominator): lost head = 
2C(e/dY(L/d)(V 2 /2g)(d e ~ 2 V r V~7p'~ 2 ) = K\R e i 2 )(L/d)(V 2 /2g) =/(L/d)(V 2 /2g) (Darcy formula). 

18.11 To find the drag on a 1-mm-diameter sphere in slowly streaming water, a 100-mm sphere is tested in glycerin at 
V = 300 mm/s. The measured drag on the model is 1.3 N. Under similar conditions, what are the water velocity 
and the drag on the 1-mm sphere? 

f Water (prototype): p p = 0.001 Pa-s p p = 999kg/m 3 

Glycerin (model): p m = 1.5 Pa-s p m = 1263 kg/m 3 

{N R ) m = p m V m LJp m = (1263)(0.300)(0.100)/1.5 = 25.3 
(C F ) m = Fjp m VlL 2 m = 1.3/[(1263)(0.300) 2 (0.100) 2 ] = 1.14 
{N r ) p = (N R ) m = 25.3 = 999V^,(0.001)/0.001 or V p = 0.0253 m/s 
(C F ) p = (C F ) m = 1.14 = F p /[999(0.0253) 2 (0.001) 2 ] or F p = 0.731 pN 
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18.12 A 0.1-ft-diameter steel sphere (p s = 15.2 slugs/ft 3 ) is dropped in water [p = 1.94 slugs/ft 3 , p = 0.000021 
slug/(ft-s)] until it reaches terminal velocity or zero acceleration. From the sphere data in Fig. A-38 compute 
the terminal velocity of the falling sphere in feet per second. 

f At terminal velocity, the net weight of the sphere equals the drag; hence the drag is known in this problem: 
D = W nct = (p s - p)g(jr/6)d 3 = (15.2 - 1.94)(i2.2)(jr/6)(0.1) 3 = 0.224 lb. We can compute that portion of C„ 
and N R which excludes the unknown velocity: C D = Dl[\p(jil4)d 2 V 2 } = 0.224/[1.94(jt/8)(0.1) 2 F 2 ] = 29A/V 2 , 
N R = pVd/p = (1.94)(F)(0. l)/(2.1 x 10~ 5 ) = 9240V. Now we will just have to guess an initial velocity V to get 
started on the iteration. 

Guess V = 1.0 ft/s; then N R = 9240(1.0) = 9240. From Fig. A-38 read C D = 0.38; then V = (29.4/C,,) 1 ' 2 = 

8.8 ft/s. Now try again with this new guess. 

Guess V = 8.8 ft/s, N R = 9240(8.8) = 81000. From Fig. A-38 read C D = 0.52, V = (29.4/0.52) 1/2 = 7.5 ft/s. 
One more try will give pretty good convergence. 

Guess V = 7.5 ft/s, N R = 9240(7.5) = 69 000. From Fig. A-38 read C D = 0.51, V * (29.4/0.51) 1/2 = 7.6ft/s. To 
the accuracy of the figure, F term ~ 7.6 ft/s. 

18.13 Repeat Prob. 18.12, using the regrouped chart, Fig. A-39. 

f We must repeat the calculation of the net weight to establish that D = W nct = 0.224 lb. But now we can go 
directly to the new drag coefficient: C' F = Dp Ip 2 = (0.224)(1.194)/(2.1 x 10~ 5 ) 2 = 9.85 x 10 8 . Now enter Fig. 
A-39 and read N R = 70000. Then the desired velocity is V = pN R /pd = (2.1 x 10~ 5 )(70000)/[(1.94)(0.1)J = 

7.58 ft/s. 

18.14 A 7-cm-diameter sphere is tested in water at 20 °C and a velocity of 4 m/s and has a measured drag of 8 N. What 
will be the velocity and drag force of a 3-m-diameter weather balloon moving in air at 20 °C and 1 atm under 
similar conditions? 

I (N R ) m = (N R ) p N r = pDV/p (998)(0.07)(4)/(1.02 x 10~ 3 )= (1.20)(3)(V*)/(1.81 X 10~ 5 ) 

V h = 1.38 m/s 

(C F ) m = {C F ) P C F = F/pV 2 D 2 8/[(998)(4) 2 (0.07) 2 ] = F fc /[(1.20)(1.38) 2 (3) 2 ) F h =2.10N 

18.15 To find the drag on an airplane whose velocity is 275 mph, could one test a 1:25 scale model in a subsonic wind 
tunnel at the same pressure and temperature? 

f (N R ) m = (N R )„ N r = LV/v L m = L p /25 

Since p m = p p and T m = T„, v m = v p . Therefore, V m = V P (L P /L m ) = (275)(25) = 6875 mph. As this velocity is 
hypersonic, a subsonic test is impossible. 

18.16 A 1:25 scale model of a submarine is tested at 180 ft/s in a wind tunnel using sea-level standard air. What is the 
prototype speed in sea water at 20 °C for dynamic similarity? If the model drag is 1.6 lb, what is the prototype 
drag? 

I (N r )„ = (N r ) p N r = pLV / p L m = L p l 25 

(0.00234)(L p /25)(180)/(3.78 x 10 7 ) = (2.00)(T p )(F p )/(2.23 X 10" 5 ) V p = 0.497 ft/s 
(C F ) m = (C F ) p C F = F/pV 2 L 2 

1.6/[(0.00234)(180) 2 (L p /25) 2 ] = F P /[(2.00)(0.497) 2 (L P ) 2 ] F p = 6.52 lb 

18.17 A blimp is designed to move in air at 20 °C at 7 m/s. If a 1:20 scale model is tested in water at 20 °C, what 
should the water velocity be? If the measured water drag on the model is 3.09 kN, calculate the drag on the 
prototype blimp and the power required to propel it. 

f (N R ) m = (N R ) p N r = pLV/p L m =L p /20 

(998)(L p /20)(F m )/(1.02 x 10“ 3 ) = (1.20)(L P )(7)/(1.81 x 10~ 5 ) V m = 9.49 m/s 
(C F ) m = (C F ) P C F = F/ pV 2 L 2 3.09/[(998)(9.49) 2 (L p /20) 2 ] = F P /[(1.20)(7) 2 (L P ) 2 ] 

F p = 0.809 kN P p = F P V P = (0.809)(7) = 5.663 kW 

18.18 A 1:6 scale model automobile is tested in a wind tunnel in the same air properties as the prototype. The 
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prototype velocity is 48 km/h. For dynamically similar conditions, the model drag is 320 N. What are the drag of 
the prototype automobile and the power required to overcome this drag? 

I (Y r )„, = (Yr)p N R = pLV / p L m = Lp/6 

(p)(L p /6)(V m )/p = (p)(L p )[(48)(1000)/3600]/p V m = 80.00 m/s 
(C F ) m = (C F ) P C F = F/pV 2 L 2 320/[(p)(80.00) 2 (L p /6) 2 ] = Fp/[(p)[(48)(1000)/3600] 2 (L p ) 2 ] 

F p = 320 N P p = F P V P = (320)[(48)(1000)/3600] = 4267 W 

18.19 A model airplane is built to the scale 1:20. If the prototype is to fly at 425 mph, what must be the air velocity in 
the wind tunnel to achieve the same Reynolds number at the same air temperature and pressure? 

| (N R ) m = (N K )p N r = pLVIp L m = Lp/20 (p)(L p /20)(V m )lp = (p)(L p )(425)/p 

V m = 8500 mph [impractically high] 

18.20 A model airplane has dimensions that are 1/18 those of its prototype. It is desired to test it in a pressure wind 
tunnel at a speed the same as that of the prototype. If the air temperature is the same and the Reynolds number 
is the same, what must be the pressure in the wind tunnel relative to the atmospheric pressure? 

f (N R ) m = (N R ) p N r = LV/v L m = Lp/18 (L p /l8)(V)v m = (L p )(V)v p 

V m / Vp = 18 = (p m /Pm)/(Pp/Pp) — (Pm/Pp)(Pp/Pm) 

For T m = T p , assume p m = p p ; hence, p„/p m = y P ly m = is. y P hm = ( p P IRT)/(p m /RT) = is- Therefore, 
p m = 18pp = 18 atm. 


18.21 What weight flow rate of air at 70 °F (p = 3.82 x 10“ 7 lb-s/ft 2 ) at 58 psi in a 2-in-diameter pipe will give dynamic 
similarity to a 275-gpm flow of water at 60 °F in a 6-in-diameter pipe? 


f (A/«U = (A„)„ 2 o N r = DV/v v = p/p 

p air = p /RT = (58)(144)/[(1716)(70 + 460)] = 0..009183 slug/ft 3 
v air = (3.82 x 10~ 7 )/0.009183 = 4.160 x 10“ 5 ft 2 /s 
V air = Ql[(n)a) 2 / 4] = 45.84(2 V„ 2 o = Q/A = (275)(0.002228)/[(tt)(^) 2 /4] = 3.120 ft/s 
(A)(45.84Q)/(4.160 x 10 -5 ) = (^)(3.120)/(1.21 x 10~ 5 ) Q =0.7020 ft 3 /s 
y = pg 7air = (0.009183)(32.2) = 0.2957 lb/ft 3 G = yQ = (0.2957)(0.7020) = 0.208 lb/s 


18.22 A 1 :40 scale model of a submarine is tested in a wind tunnel. It is desired to know the drag on the submarine 
when it is operating at 9 knots (15.2 fps) in ocean water at 40 °F. At what velocity should the object be tested in 
a wind tunnel containing air at 70 °F at atmospheric pressure? 

f (Ap) air = (N r ) h 2 o N r = LV/v L ail — Fh 2 o/40 

(L„ 2 o/40)(V air )/(1.64 x 10" 4 ) = (L„ 2 o)(15.2)/(1.66 x 10 ") V air = 6007 ft/s 
Since this velocity exceeds sonic velocity, the model will not operate properly to indicate prototype behavior. 


18.23 


A ship 650 ft long is to operate at a speed of 22 mph in ocean water whose kinematic viscosity is 
0.00001261 ft 2 /s. What should be the kinematic viscosity of a fluid used with an 11-ft model so that both the 
Reynolds number and the Froude number would be the same? 
f (/V«)m = (Y«)p N r = LV/v 


Let subscript r denote ratio of prototype to model. 

L r Vjv r = 1 (N F ) m = (N F ) p N f = V/(gL) y2 V r /(g r L,y ,2 =\ 

gr = 1.0 L r = tt = 59.1 (59.1)(V r )/v r = K/[(1.0)(59.1)] ,/2 

Hence, v m = 0.00001261/454.3 = 0.0000000278 ft 2 /s [impossibly small]. 


L r V r /v r = V r l{g r L r ) 112 
v r = 454.3 
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18.24 The valve coefficients K = \p/(pV 2 /2) for a 600-mm-diameter valve are to be determined from tests on a 
geometrically similar 300-mm-diameter valve using atmospheric air at 80 °F (v = 1.57 x 10 -5 m 2 /s). What range 
of air flows is required to model flows of water at 70 °F (v = 9.96 x 10 7 m 2 /s) between 1 m/s and 2.5 m/s? 

I N„ = DV/v (V«) min = (0.600)(l)/(9.96 x 10 7 ) = 6.02 x 10 s 

(AW m „ = (0.600)(2.5)/(9.6 x 10“ 7 ) = 1.51 x 10 6 

For air: 

6.02 x 10 5 = (0.300)(V' min )/(1.57 x 10 5 ) V min = 31.5 m/s 

1.51 x 10 6 = (0.300)(V’ max )/(1.57 x 10” 5 ) V max = 79.0 m/s 

G min =AK ni„ = [(*)(0.300) 2 /4](31.5) = 2.23 mVs Q ma , = /4V max = [(jr)(0.300) 2 /4](79.0) = 5.58 m 3 /s 

18.25 A model of a Venturi meter has linear dimensions 1/6 those of the prototype. The prototype operates on water 
at 10 °C, and the model on water at 100 °C. For a throat diameter of 700 mm and a velocity at the throat of 

7 m/s, what discharge is needed through the model for similitude? 

f ( N R ) m = (N R ) p N R — LV /v (L p /6)(K,)/(2.94xl0- 7 ) = (L p )(7)/(1.30xl0- 6 ) V m =9.498m/s 

Q m =A m V m D„ = D p /6 = f=117mm Q m = [(ir)(0.117) 2 /4](9.498) = 0.102 m 3 /s 

18.26 The losses in a Y in a 1.3-m-diameter pipe system carrying gas (p = 40 kg/m 3 , p = 2 x 10 4 Pa • s, V = 28 m/s) 
are to be determined by testing a model with water at 40 °C. The laboratory has a water capacity of 80 L/s. 
What should be the diameter of the model? 

I (V„) m = (V„)„ N r = pDV/p V m = QJA m = (80 X 10- 3 )/(^/4) = 0.1019/D 2 

(998)(D„,)(0.1019/D 2 )/(6.51 x lO^ 4 ) = (40)(1.3)(28)/(2 x lO" 4 ) 

D m = 0.02146 m or 21 mm 

18.27 A 1:4 scale model of a water pumping station pumping system is to be tested to determine overall head losses. 
Air at 30 °C, 1 atm, is available. For a prototype velocity of 600 mm/s in a 3-m-diameter section with water at 
20 °C, determine the air velocity and quantity needed. How may losses determined from the model be 
converted into prototype losses? 

I (N R ) m = (N R ) p N r = DV/v [(3)a)](v m )/(1.60xl0- 5 ) = (3)(0.600)/(1.02xl0- 6 ) 

V m = 37.65 m/s Q m =A m V m = {(^)[(3)(^)] 2 /4}(37.65) = 16.6 m 3 /s 
Losses are the same when expressed in velocity heads. 

18.28 Water at 60 °F flows at 12.0 fps in a 6-in pipe. At what velocity must medium fuel oil at 90 °F 
(v = 3.19 x 10 5 ft 2 /s) flow in a 3-in pipe for the two flows to be dynamically similar? 

I (AW H2 o = (A«oi. Nr = DV/v (n)(12.0)/(1.21 x 10 -5 ) = (n)(V oi ,)/(3.19 x 10 -5 ) V oil = 63.3ft/s 

18.29 Air at 68 °F is to flow through a 24-in pipe at an average velocity of 6.00 fps. For dynamic similarity, what size 
pipe carrying water at 60 °F at 3.65 fps should be used? 


I (JV*U=(AWh 2 o Nr — DV/v (ft)(6.00)/(1.63 x 10 -4 ) = (D/12)(3.65)/(1.21 x 10 -5 ) D = 2.93in 

(Would probably use a 3-in pipe.) 
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18.30 A 1:5 model of a submarine is to be tested in a towing tank containing salt water. If the submarine moves at 
12.0 mph, at what velocity should the model be towed for dynamic similarity? 

f ( N R ) m =(N R ) p N r = LV/v (L/15)(V m )/v = (L)(12.0)/v V m = 180rnph 

18.31 A model of a torpedo is tested in a towing tank at a velocity of 80.0 fps. The prototype is expected to attain a 
velocity of 20.0 fps in water at 60 °F. (a) What model scale has been used? (b) What would be the model speed 
if tested in a wind tunnel under a pressure of 20 atm and at constant temperature 80 °F? 

f ( N R ) m = (N R ) p N r = DV / v 

(а) (L/x)(80.0)/v = (L)(20.0)/v, x = 4.00. Hence, the scale model is 1:4. 

(б) v = nip p air = p/RT = (20)(14.7)(144)/[(1716)(80 + 460)] = 0.04569 slug/ft 3 

v air = (3.85 x 10 _7 )/0.04569 = 8.426 x 10" 6 ft 2 /s 
(L/4)(F m )/(8.426 x lO” 6 ) = (L)(20.0)/(1.21 X 10“ 5 ) V m = 55.7 ft/s 

18.32 A centrifugal pump pumps medium lubricating oil at 60 °F (v = 188 x 10 _s ft 2 /s) while rotating at 1200 rpm. A 
model pump, using air at 68 °F, is to be tested. If the diameter of the model is 3 times the diameter of the 
prototype, at what speed should the model run? 

f (N R ) m = (N R ) P , N R = DV/v. Using the peripheral speeds (which equal radius times angular velocity in 
radians per second) as the velocities in Reynolds number, we obtain (3D)[(3D/2)(a» m )]/(1.63 x 10 -4 ) = 
(D)[(D/2)(<w p )]/(188 x 10 -5 ), a> p = 103.8to m . Hence, model speed = 1200/103.8 =11.6 rpm. 

18.33 An airplane wing of 3-ft chord is to move at 90 mph in air. A model of 3-in chord is to be tested in a wind tunnel 
with air velocity at 108 mph. For air temperature of 68 °F in each case, what should be the pressure in the wind 
tunnel? 

I (N R ) m = (N R ) p N r = LV/v (£)(108)/v m = (3)(90)/(1.63 x 10 4 ) v m = 1.63 x KT 5 ft 2 /s 

The pressure that produces this kinematic viscosity of air at 68 °F can be found by remembering that the 
absolute viscosity is not affected by pressure changes. The kinematic viscosity equals absolute viscosity divided 
by density. But density increases with pressure (temperature constant), v = p/p, v p /v m = (1.63 x 10 " 4 )/(1.63 x 
10 -5 ) = 10. Thus the density of air in the tunnel must be ten times standard (68 °F) air and the resulting pressure 
in the tunnel must be 10 atm. 

18.34 A dam spillway is to be tested using Froude scaling with a 1:20 model. The model flow has an average velocity 
of 0.7 m/s and a volume flow of 0.06 m 3 /s. What are the velocity and flow of the prototype? 

f For Froude scaling, 

V p /V m = l/Va <x = LJL p = ± 0 Vp/0.7=1/V5 V„ = 3.13m/s 

Qp/Qm = (V P /V m )(L p /L m ) 2 = (1/Va)(l/or) 2 = (1/a) 5 ' 2 e p /0.06 = [l/(^)] 5 ' 2 Q p = 107 m 3 /s 

18.35 A prototype ship is 40 m long and designed to cruise at 10 m/s (about 19 knots). Its drag is to be simulated by a 
0.8-m-long model pulled in a tow tank. For Froude scaling find (a) the tow speed, ( b ) the ratio of prototype to 
model drag, and (c) the ratio of prototype to model power. 

f For Froude scaling, 

(a) V p /V m = 1/VS <x = LJL p = ^ = ^ 10/= 1/V5 V m = 1.41 m/s 

(b) FJFp = (p m / Pp)(V m IVp) 2 (L m l L p ) 2 = (l)(Va) 2 (ar) 2 = a 3 = (^) 3 = 1/125 000 

(c) PJP p = ( FJF P )(VJV P ) = {af{Va) = a 3 5 = (£,) 3 5 = 1/883 883 

18.36 A ship 555 ft long is to operate at a speed of 22 mph. If a model is 8 ft long, what should be its speed to give the 
same Froude number? What is the value of the Froude number? 

I ( N F ) m = (N F ) p N f = V/(gL)' 12 


V m =2.64 mph or 3.87 ft/s 


Y m /[(g)(8)] 1/2 = 22/[(g)(555)] l/2 
N f = 3.87/[(32.2)(8)] 1/2 = 0.241 
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18.37 In a 1:30 model of the flow in a spillway, the velocity at point A is 0.4 m/s and the force exerted on a small area 
about A is 0.10 N. What would be the force on the corresponding area in the prototype? 

I (N F ) m = (N F ) P N f = V/(gL,y a 0.4/[(g)(L p /30)] 1/2 = V p /(gL p ) m F„=2.19m/s 

(C F ) m = (C F )„ C F = F/pV 2 L 2 0.10/t(p)(0.4) 2 (L p /30) 2 ] = F p /[(p)(2.19) 2 (L p ) z ] F P =2698N 

18.38 A 1:400 model is constructed to study tides. What length of time in the model corresponds to a day in the 
prototype? Suppose the model could be transported to the moon and tested there. What then would be the time 
relationship between the model and prototype? g of earth equals six times g of moon. 

I (N F ) m = (N F ) p N f = V l(gL) U2 [V/(gL)' /2 ] m = [F/(gL) 1/2 ] p 

Vr - V„IV m = (gL)J 2 T r = LJV r = L,(gL)l' 2 T p /T m = [F/(gL) 1,2 ] p /[L/(gL) 1/2 ] m 

On earth: 

\n m = {L p /[(g)(L p )] 1/2 }/{(L p /400)/[(g)(L p /400)] ,/2 } T m = 0.05000 day or 1.20 h 

On the moon: 

1/T m = {L p /[(g p )(L p )] 1,2 }/{L p /400)/[(g p /6)(L p /400)] 1/2 } T m = 0.1225 day or 2.94h 

1839 A sectional model of a spillway 2 ft high is placed in a laboratory flume of 9-in width. Under a head of 0.345 ft 

the flow is 0.62 cfs. What flow does this represent in the prototype if the scale model is 1:20 and the spillway is 

700 ft long? 

I (N F ) m = (N F ) p N f = V/(gL) V2 (N f ), = (N F ) p /(N F ) m = [Vl(gL) ia ] p l[Vl(gL)' l2 ] m = VJL'J 2 = 1.00 
V r /20 ia =1.00 V r = 4.47 Q, = A r V r A r = A p /A m = (700)[(0.345)(20)]/[(*)(0.345)] = 18 667 
Q r = A r V r = (18 667)(4.47) = 83 441 Q = (83 441)(0.62) = 51 733 fp/s 

18.40 The flow over a model spillway is 98 L/s per meter of width. What flow does this represent in the prototype 
spillway if the model scale is 1:20? 

I q = Q/b = [(by)(V)]/b=yV qr=y r V r y r = L r 

V r /Ll a = 1.00 or V r = L'J 2 (from Prob. 18.39) 
q r = L r V: 2 = L 3 r a = 20 m = 89.44 q„ = (89.44)(98) = 8770 (L/s)/m = 8.77 (m 3 /s)/m 

18.41 The velocity at a point in a model of a spillway for a dam is 2 m/s. For a geometric ratio of prototype to model 

of 12:1, what is the velocity at the corresponding point in the prototype under similar conditions? 

I {N F ) m = (N f )„ N f — VI (gL)' n 2/[(g)(Z, p /12)] 1/2 = V p /(gL p ) m F p = 6.93 m/s 

18.42 The wave drag on a model of a ship is 25 N at a speed of 4 m/s. For a prototype 12 times as long, what will the 
corresponding speed and wave drag be if the liquid is the same in each case? 

I (N F ) m = (N F ) p N f = V/(gL)' n 4/[(g)(L p /12)] 1/2 = V p /(gL p ) m K p = 13.86 m/s 

Co = FI(ApV 2 / 2) 

At the same Froude number, C D is equal for model and prototype; hence, F m /(A m VlJ2) = F P /(A P V 2 P / 2), 

F p = (F m )(A p /A m )(V p /V m ) 2 = (F m )(L p /L m f = (25)(12) 3 = 43 200 N, or 43.2 kN. 

18.43 Oil of kinematic viscosity 50 x 10~ 5 ft 2 /s is to be used in a prototype in which both viscous and gravity forces 
dominate. A model scale of 1:5 is also desired. What viscosity of model liquid is ncessary to make both Froude 
number and Reynolds number the same in model and prototype? 

I (N F ) m = (N f ) p N f = V/(gL) U2 V r = (g r L r ) m = L 1 / 2 (N R ) m = (N R ) p N R = LV/v 
V r = vjL, L'J 2 = v r /L r v r = LJ 2 = (i) 3/2 = 0.08944 
v m = (0.08944) (50 x 10~ 5 ) = 4.47 x 10“ 5 ft 2 /s 

18.44 A ship whose hull length is 460 ft is to travel at 25.0 fps. (a) Compute the Froude number. (6) For dynamic 
similarity, at what velocity should a 1:30 model be towed through water? 
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f (a) N f = V/(gL)' 12 = 25.0/[(32.2)(469)] 1/2 = 0.205 

(i b ) (N r ) m = (N F ) P V m /[(32.2)(^)] 1/2 = 25.0/[(32.2)(460)]' /2 = 4.56 ft/s 

18.45 An airplane is designed to fly at 240 m/s at 8 km altitude. If a 1:12 model is tested in a wind tunnel at 25 °C, 
find the tunnel pressure that will reproduce both the Reynolds number and the Mach number. 

f At 8000 meters, p p = 0.526 kg/m 3 , T p = —36.9 °C, and p p — 1.53 x 10“ 5 Pa • s (from Table A-8). 

(N M ) m = {N M ) p N m = V/c VJc m = V p /c p c = (20 m/s • K 1/2 )7’ 1/2 
c m = (20)(25 + 273) 1/2 = 345.3 m/s c„ - (20)(-36.9 + 273) 1 ' 2 = 307.3 m/s 
K„/345.3 = 240/307.3 V„,= 269.7 m/s (N„) m = (N„) p N„ = pLV/p 

(p m )(L p /12)(269.7)/(1.84 x 10' 5 ) = (0.526)(L P )(240)/(1.53 x 10 5 ) p m = 6.75 kg/m 3 
Pm = PmRT m = (6.75)(287)(25 + 273) = 577 300 Pa or 577 kPa 

18.46 One wishes to model the flow about a missile that travels at 975 mph through the atmosphere at elevation 

9000 ft. The model is to be tested in a wind tunnel at standard atmospheric conditions with air at 60 °F. What air 
speed in the wind tunnel is required for dynamic similarity? 

I (N M ) m = (N M ) p N m = V/c = V/(p/p) m 

K m /(14.7/0.00227) 1/2 = 975/(10.54/0.001814)'' 2 V m = 1029rnph or 1510ft/s 

18.47 A model of a supersonic aircraft is tested in a variable-density wind tunnel at 1290 fps. The air is at 90 °F with a 
pressure of 20 psia. At what velocity should this model be tested to maintain dynamic similarity if the air 
temperature is raised to 130 °F and the pressure increased to 27 psia? 

I N u = V/(p/p) U2 , p = p/RT. At 90 °F, p = (20)(144)/[(53.3)(90 + 460)] = 0.09824 slug/ft 3 , N M = 
1290/[(20)(144)/0.09824] 1/2 = 7.534. At 130 °F, p = (27)(144)/[(53.3)(130 + 460)] = 0.1236 slug/ft 3 , N M = 

V/[(27)(144)/0.1236] ,/2 = 7.534, V = 1336 ft/s. 

18.48 The flow about a ballistic missile which travels at 1400 fps through air at 80 °F and 14.7 psia is to be modeled in a 
high-speed wind tunnel with a 1:10 model. If the air in the wind tunnel test section has a temperature of 10 °F at 
a pressure of 12 psia, what velocity is required in the model test section? 

# (N M ) m = {N m )„ N m = V/ip/p) 1 ' 2 

p = p/RT p m = (12)(144)/((53.3)(10 + 460)] = 0.06898 slug/ft 3 

p p = (14.7)(144)/[(53.3)(80 + 460)] = 0.07355 slug/ft 3 
V m /[(12)(144)/0.06898] 1,2 = 1400/[(14.7)(144)/0.07355] 1/2 V m = 1306 ft/s 

18.49 A prototype spillway has a characteristic velocity of 2 m/s and a characteristic length of 9 m. A small model is 
constructed using Froude scaling. What is the minimum scale ratio of the model that will ensure that its 
minimum Weber number is 100? Both flows use water at 30 °C. 

f N w = pV 2 L/a (N w )„ = (996)(2) 2 (9)/0.0712 = 503 596 

Froude scaling: 

(N W )J(N W ) P = (pJ Pp )(VJV p ) 2 (LJL p )l(oJo p ) = (l)(Va)V)(l) = a 2 > 100/503 596 
or = 0.01409 L p /L m <l/a< 1/0.01409 = 71:1 

18.50 At low velocities (laminar flow), the volume flow Q through a small-bore tube is a function only of the tube 
radius R, the fluid viscosity p, and the pressure drop per unit tube length dp/dx. Using the Buckingham pi 
theorem, find an appropriate dimensionless relationship. 

f Write the given relation and count variables: Q =f(R, p, dp/dx) four variables (n = 4). Make a list of the 
dimensions of these variables: 


Q 

R 

1* 

dp/dx 

{L 3 r-'} 

{L} 

{ML l T- 1 } 

{ML~ 2 T~ 2 } 
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There are three primary dimensions (M, L, T), hence j s 3. By trial and error we determine that R, p, and 
dp/dx cannot be combined into a pi group. Then j = 3, and n— j = 4 — 3=1. There is only one pi group, which 
we find by combining Q in a power product with the other three: IT = R“p b (dp/dx) c Q 1 = 
(L)‘'(ML- 1 r- 1 ) 6 (A/L“ 2 r- 2 ) c (L 3 r“ 1 ) = A/°L°r°. Equate exponents: 

Mass: b + c =0 

Length: a - b - 2c + 3 = 0 

Time: —b — 2c -1=0 

Solving simultaneously, we obtain a = -4, b = 1, c = -1. Then II, = R~*p x (dp/dx)~ l Q or II, = 

Qp/[R 4 (dp/dx)] = const. Since there is only one pi group, it must equal a dimensionless constant. 


18.51 The capillary rise h of a liquid in a tube varies with tube diameter d, gravity g, fluid density p, surface tension 
o, and the contact angle 6. (a) Find a dimensionless statement of this relation. ( b ) If h = 3 cm in a given 
experiment, what will A be in a similar case if diameter and surface tension are half as much, density is twice as 
much, and the contact angle is the same? 

f (a) Step 1 Write down the function and count variables h =f(d, g, p, o, 9), n= 6 variables. 

Step 2 List the dimensions ( FLT ): 


h 

d 

g 

P 

Y 

e 

{L} 

(L) 

{LT~'} 

{FT 2 L~*} 

{FL-'} 

None 


Step 3 Find j. Several groups of three form no pi: o, p, and g or p, g, and d. Therefore j = 3, and we 
expect n-j = 6- 3 = 3 dimensionless groups. One of these is obviously 0, which is already 
dimensionless: IT, = 6. If we chose carelessly to search for it using steps 4 and 5, we would still 
find n 3 = 8. 

Step 4 Select j variables which do not form a pi group: p, g, d. 

Step 5 Add one additional variable in sequence to form the pi’s: 

Add h : II, = p a g b d c h = (FT 2 L i ) a (LT 2 ) b {L) c (L) = F°L°T° 

Solve for a = b = 0, c = — 1. Therefore II, = p°g°d~ 1 h = h/d. Finally add Y, again selecting its 
exponent to be 1: II 2 = p a g b d c o = (FT 2 L-y(LT- 2 ) b (L) c (FL~ l ) = F 0 L°7’ 0 . Solve for 
a = b = — 1, c = —2. Therefore n 2 = p~'g~'d~ 2 o = o/pgd 2 . 

Step 6 The complete dimensionless relation for this problem is thus 

h/d = F(o/pgd 2 , 6) (1) 

This is as far as dimensional analysis goes. Theory, however, establishes that h is proportional 
to Y. Since Y occurs only in the second parameter, we can slip it outside 
(h/d) a„uai = (a/pgd 2 )F,(6) or hpgd/o = F,(0). 

(b) We are given /i, for certain conditions d u o u p t , and 0,. If A, = 3 cm, what is h 2 for d 2 = \d, o 2 = \o, 
p 2 = 2pi, and 0 2 = 0,? We know the functional relation, Eq. (I), must still hold at condition 2: 
h 2 /d 2 = F(o 2 /p 2 gd 2 2 , 0 2 ). But o 2 /p 2 gd\ = \oJ2p^g({dy = oJp,gd Therefore, functionally, h 2 /d 2 = 
F(o i /p l gdu 0,) = hjd l . We are given a condition 2 which is exactly similar to condition 1, and 
therefore a scaling law holds: h 2 = h,(d 2 /d l ) = {3)(\djd x ) = 1.5 cm. If the pi groups had not been exactly 
the same for both conditions, we would have to know more about the functional relation F to calculate 
h 2 . 


18.52 Under laminar conditions, the volume flow Q through a small triangular-section pore of side length b and length 
L is a function of viscosity p, pressure drop per unit length A p/L, and b. Using the pi theorem, rewrite this 
relation in dimensionless form. How does the volume flow change if the pore size b is tripled? 

I Q=f(Ap/L,p,b ) {L 3 /T} = {M/L 2 T 2 }{M/LT}{L} 

n =4,; = 3 ( Q, p, b do not make a II), n - j = 1II expected. II, = Q\Ap/L) a (p) b (by = 
{L 3 /T}{M/L 2 T 2 } a {M/LT} b {L} c = M°L°T°. 





M: 

L: 

T: 
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a + b =0 
3 — 2a — b + c = 0 
-1-2 a-b =0 

a = — 1, b = +1, c = —4; Ft! = Qp /(Ap/ L)b* = constant. If b is tripled, Q increases 3 4 , or 81 times. 

18.53 The power input P to a centrifugal pump is assumed to be a function of volume flow Q, impeller diameter D, 
rotational rate Q, and the density p and viscosity p of the fluid. Rewrite this as a dimensionless relationship. 

I Ppump =f(Q, D, Q, p, p). n = 6, j = 3, n -j = 6 -3 = 3 IPs expected. P/(pQ 3 D 5 ) = /(£>/QD 3 , pQD 2 /p). 

18.54 The resistance force F of a surface ship is a function of its length L, velocity V, gravity g, and the density p and 
viscosity p of the water. Rewrite in dimensionless form. 

I F s hip =/(L, V, g, p, p). m = 6, j = 3, n -j = 6 - 3 = 3 FI’s expected. F/(pV 2 L 2 ) = f(V 2 /gL, pVL/p). 

18.55 The torque M on an axial-flow turbine is a function of fluid density p, rotor diameter D, angular rotation rate 
Q, and volume flow Q. Rewrite in dimensionless form. If it is known that M is proportional to Q for a particular 
turbine, how would M vary with Q and D for that turbine? 

f Af turbine =/(p, D, Q, Q). n = 5, j = 3, n - j = 5 - 3 = 2 ITs expected. M/(pQ 2 D 5 )=f(Q/£lD 3 ).l{ M = Q, 
then M ~Q and M ~ D 2 . 

18.56 A weir is an obstruction in a channel flow that can be calibrated to measure flow rate. The volume flow Q varies 
with gravity g, weir width b, and upstream water height H above the weir crest. If it is known that Q is 
proportional to b, use the pi theorem to find a unique functional relationship Q(g, b, H). 

f Q/b = /(g, H). n = 3, j = 2(L, T), n - j = 3 - 2 = 1II expected. ( Q/b)/(g m H 3/2 ) = constant. 

18.57 The size of droplets produced by a liquid spray nozzle is thought to depend upon the nozzle diameter D, jet 
velocity U, and the properties of the liquid p, p, and a. Rewrite this relation in dimensionless form. 

I d = f(D, U, p, p, o). n = 6,= 3, n - j = 6 - 3 = 3 ITs expected. d/D -f(pUD/p, o/pU 2 D). 

18.58 Perfume (specific gravity 0.92) in a tube of 25 mm diameter has a capillary rise of 3 mm. Determine its capillary 
rise in a 40-mm-diameter tube. 

f h =f(pg, a, D). n = 4, j = 3, n — = 4 — 3 = 1 n expected. pghD/o = constant. For a given fluid (i.e., given 
pg and a), hD - constant, or h m D m =h p D p . Thus, (3)(2.5) = (h p )( 4) or h p = 1.88 mm. 

18.59 An estuary has a lunar tide of period 12.02 h and a tidal current of approximately 2.7 km/h. In a 1:400 scale 
model, what should the period and current speed be? 

f TJTp — 3foc cx = LJL P = in T m /12.02 = VS T m = 0.601 h or 36.1 min 

VJV P = Va T m /2.7 = VS v m = 0.135 km/h = 2.25 m/min 

18.60 Derive the expression for the drag on a submerged torpedo. The parameters are the size of the torpedo L, the 
velocity of the torpedo V, the viscosity of the water p, and the density of the water p. The size of a torpedo may 
be represented by its diameter or its length. 

I F d =f(L, V, p, p) = (constant)L“y b pV {ML/T 2 } = {L} a {L/T} b {M/L 3 } c {M/LT} d 

M: 1= c+d 

L: l=a + b-3c-d 

T: -2= -b -d 

c=l-d b=2-d a=2-d 

F d = (constant)L 2_ ‘V 2_ ‘ < p 1 '‘ i p‘ < = (constant)CpL 2 V 2 (p /LVp) d = (constant )CpL 2 V 2 {LVp / p)~ d 


Since LVp/p = N R , F D = <j>(N R )pL 2 V 2 . 
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18.61 Derive an expression for the drag on a surface vessel. Use the same parameters as in Prob. 18.60, and add the 
acceleration due to gravity g to account for the effect of wave action. 

I F d =f(L, V, p, p, g), f\F D , L, V, p, p, g) = 0, n = 6, j = 3, n -j = 6 - 3 = 3 ITs expected. 

n = p a L b v c F d D n 2 = p a L b v c p d n 3 = P a L b v c g d 
= F d /L 2 V 2 - LVp/p = N K = Lg/V 2 = 1/N 2 f 

F d = <p(N F , N R )pL 2 V 2 

18.62 The discharge through a horizontal capillary tube is thought to depend upon the pressure drop per unit length, 
the diameter, and the viscosity. Find the form of the equation. 

f The quantities are listed with their dimensions: 


quantity 

symbol 

dimensions 

Discharge 

Q 

l 3 t 

Pressure drop per length 

A p/l 

ml~ 2 t 2 

Diameter 

D 

L 

Viscosity 

F 



Then F(Q, Ap/l, D, p) = 0. Three dimensions are used, and with four quantities there will be one IT parameter: 
n = Q x '(\pUY'D ! 'p. Substituting in the dimensions gives II = (L 3 T'y'(ML~ 2 T- 2 y'L 2 ‘ML l r' = M 0 L°T°. 
The exponents of each dimension must be the same on both sides of the equation. With L first, 

3*i - 2y, + Zi - 1 = 0 and similarly for M and T. >>, + 1 = 0, -x, - 2y, - 1 = 0; from which x, = 1, y, = -1, 
z, = -4, and IT = Qp/(D 4 Ap/l). After solving for Q, Q = C(Ap/l)(D 4 /p), from which dimensional analysis 
yields no information about the numerical value of the dimensionless constant C; experiment (or analysis) 
shows that it is rr/128. 

18.63 The discharge Q of a V-notch weir is some function of the elevation FI of upstream liquid surface above the 
bottom of the notch. In addition, the discharge depends upon gravity and upon the velocity of approach V 0 to 
the weir. Determine the form of discharge equation. 

f A functional relation F(Q, H, g, V 0 , (f>) = 0 is to be grouped into dimensionless parameters. </> is 
dimensionless; hence, it is one II parameter. Only two dimensions are used, L and T. If g and H are the 
repeating variables, IT, = H x 'g y 'Q = L x '(LT 2 y , L i T ', n 2 = H X2 g n V n = L X2 {LT 2 y 2 LT '. Then 

*,+>>,+ 3 = 0 x 2 +y 2 + l=0 

—2y, -1=0 — 2y 2 -1=0 

from which x, = - Ly, = - L x 2 = - {, y 2 = - and II, = Q/(VgH 512 ), II 2 = V 0 /VgH, IT, = <p, or 
HQ/VgH 512 ), VJy/gH, <p) = 0. This can be written Q/(VgH 5n ) =fi(V 0 /VgH, <t>) in which both/and/, are 
unknown functions. After solving for Q, Q = \/gH il2 f l {V 0 lVgH, <p). Either experiment or analysis'is required 
to yield additional information about the function/,. If H and Vo were selected as repeating variables in place of 
g and H, II, = H X 'V#Q = L x '(LT YL 3 T ', II 2 = H X2 Vtfg = U\LT~ X Y 1 LT~ 2 . Then 

x, + y, + 3 = 0 x 2 + y 2 + 1 = 0 
-y,-l = 0 —y 2 — 2 = 0 

from which x, = -2, y, = -1, x 2 = 1, y 2 = -2, and II, = Q/H 2 V 0 , II 2 = gH/Vl, IT, = <p or 
f(Q/H 2 V 0 , gH/Vl, 4>) = 0. Since any of the II parameters can be inverted or raised to any power without 
affecting their dimensionless status, Q = V 0 H 2 f 2 (V 0 /y/gH, <p). The unknown function f 2 has the same parameters 
as/,, but it could not be the same function. The last form is not very useful, in general, because frequently V 0 
may be neglected with V-notch weirs. This shows that a term of minor importance should not be selected as a 
repeating variable. 

18.64 The losses A pH in turbulent flow through a smooth horizontal pipe depend upon velocity V, diameter D, 
dynamic viscosity p, and density p. Use dimensional analysis to determine the general form of the equation 
F(Ap/l, V, D, p, p) = 0. 
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f If V, D, and p are repeating variables, II, = V x 'D y 'p Zl p = (Lr 1 )" 1 L^(A/L 3 ) z 'ML' 1 7’ “ 1 

x, + y, — 3z, — 1 = 0 

— X! —1=0 

z, + 1 = 0 

from which x, = -1, y, = -1, 2 , = -1, and n 2 = V x *D n p*(Ap/l) = (LT-^L^ML-^ML^T' 2 

x 2 + y 2 — 3z 2 — 2 = 0 

— x 2 —2 = 0 

z 2 +1 = 0 

From which x 2 = -2, y 2 = 1, and z 2 = -1. Then II, = p/VDp, n 2 = (Ap/l)/(pV 2 /D), 

F[VDp/i u, (A p/l)/(pV 2 /D)] = 0, since the II quantities can be inverted if desired. The first parameter. VDp/p, 
is the Reynolds number N R . After solving for A pH we have A pH = f x {N R , pV 2 /D). The usual formula is 
A pH =f{N R ){pV 2 /2D) or, in terms of head loss, Ah/l =f(N R )(l/D)(V 2 /2g). 

18.65 A fluid-flow situation depends on the velocity V, the density p, several linear dimensions, l, /,, l 2 , pressure drop 
A p, gravity g, viscosity p, surface tension o, and bulk modulus of elasticity K. Apply dimensional analysis to 
these variables to find a set of II parameters: F(V, p, /, /,, l 2 , Ap, g, p, o, K) = 0. 

f As three dimensions are involved, three repeating variables are selected. For complete situations, V, p, and 
/ are generally helpful. There are seven II parameters: II, = V x 'p y 'l z 'Ap, n 2 = V X2 p y2 l Zl g, n 3 = V X3 p yi l Zi p, 
n 4 = V Xi p y *l Zi o, n 5 = V X5 p y H Z5 K, n 6 = ///„ n = Z// 2 . By expanding the II quantities into dimensions, 
n, = (LT~ l Y'(ML~ 3 y i L x 'ML,- 1 T ~ 2 

X\ - 3y, + z, - 1 = 0 
-x, —2 = 0 

y, +1 = 0 

from which x, = -2, y, = -1, z, = 0. II 2 = (LT~') Xl (ML~ 3 y 2 L Z2 LT~ 2 

x 2 - 3y 2 + z 2 + 1 = 0 

— x 2 —2 = 0 

y 2 =0 

from which x 2 = -2, y 2 = 0, z 2 = 1. n 3 = (LT~ 1 ) Xi (ML~ 3 ) yi L Xy ML~ 1 T~ 1 

x 3 - 3y 3 + z 3 - 1 = 0 

— x 3 -1=0 

y 3 +1 = 0 

from which x 3 = -1, y 3 = -1, z 3 = 1. n 4 = (L7’~ 1 )* 4 (ML~ 3 ) > ’ 4 Z/ 4 M7’ _2 

x 4 — 3y 4 + z 4 = 0 

— x 4 —2 = 0 

y 4 +i = o 

from which x 4 = -2, y 4 =-l, z 4 = -l. n 5 = (LT-'y^ML-^L^ML^T^ 2 

x 5 - 3y s + z 5 - 1 = 0 

— X5 —2 = 0 

y 5 +1 = 0 

from which x 5 = -2, y 5 = -1, z 5 = 0. II, = Ap/pV 2 , II 2 = gl/V 2 , n 3 = p/Vlp, IL, = o/V 2 pl, n 5 = K/pV 2 , 
n 6 = ///,, n 7 = l/l 2 , and f (Ap/pV 2 , gl/V 2 , p/Vlp, o/V 2 pl, K/pV 2 , ///,, l/l 2 ) = 0. It is convenie nt to invert 
some of the parameters and to take some square roots. f x (Ap/pV 2 , V/Vgi, Vlp/p, V 2 lp/o, V/^jK/p, ///,, 
h/h) = 0. The first parameter, usually written Ap/(pV 2 /2), is the pressure coefficient ; the second parameter is 
the Froude number N F \ the third is the Reynolds number N R \ the fourth is the Weber number N w ; and the fifth 
is the Mach number N M . Hence,/,(Ap/pV 2 , N F , N R , N w , N M , ///,, l/l 2 ) = 0. After solving for pressure drop, 

A p = pV 2 f 2 (N F , N r , N w , N m , ///,, l/l 2 ) in which/, and/ 2 must be determined from analysis or experiment. By 
selecting other repeating variables, a different set of II parameters could be obtained. 
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18.66 The thrust due to any one of a family of geometrically similar airplane propellers is to be determined 

experimentally from a wind-tunnel test on a model. Use dimensional analysis to find suitable parameters for 
plotting test results. 

f The thrust F r depends upon speed of rotation co, speed of advance V 0 , diameter D, air viscosity p, density p, 
and speed of sound c. The function F(F T , V 0 , D, w, p, p, c)= 0 is to be arranged into four dimensionless 
parameters, since there are seven quantities and three dimensions. Starting first by selecting p, co, and D as 
repeating variables. Ft, = p x 'co y 'D z 'F T = (ML y ) x '{T 'Y'U'MLT 2 , II 2 = p X2 a/ 2 D‘ 2 V„ = 
(ML~*) l2 (T~'y 2 L Z2 LT~ 1 , n 3 = p Xy co y W z 'p = {ML^) x \T- v ) n L !i ML 'T \ n 4 = p x <co y *D z *c = 

(ML 3 ) x \T~'y , 'L Zi LT~ 1 . Writing the simultaneous equations in x u y,, z u etc., as before and solving them 
gives n, = F T /pco 2 D 2 , n 2 = VJcoD, n 3 = p/pcoD 2 , n 4 = c/coD. Solving for the thrust parameter leads to 
F T /pco 2 D i = f,(V 0 /coD, pcoD 2 /p, c/coD). Since the parameters can be recombined to obtain other forms, the 
second term is replaced by the product of the first and second terms, VDp/p, and the third term is replaced by 
the first term divided by the third term, VJc\ thus F T /pco 2 D A = f 2 (V n /coD, V„Dp/p, V,Jc). Of the dimensionless 
parameters, the first is probably of the most importance since it relates speed of advance to speed of rotation. 
The second parameter is a Reynolds number and accounts for viscous effects. The last parameter, speed of 
advance divided by speed of sound, is a Mach number, which would be important for speeds near or higher than 
the speed of sound. Reynolds effects are usually small, so that a plot of F T /pco* against VJcoD should be most 
informative. 


18.67 The variation A p of pressure in static liquids is known to depend upon specific weight y and elevation difference 
A 2 . By dimensional reasoning determine the form of the hydrostatic law of variation of pressure. 

I p =f(y, A z) = (constant)y“(Az)' > {M/LT 2 } = {M/L 2 T 2 }“{L) b 

M : a 1 

L: — 2a + b = —1 

T: -2 a =-2 

a = l b- 1 A p = (constant) y\z 

18.68 When viscous and surface-tension effects are neglected, the velocity V of efflux of liquid from a reservoir is 
thought to depend upon the pressure drop A p of the liquid and its density p. Determine the form of expression 
for V. 


I 

M: 
L : 
T: 


V =/(Ap, p) (A p) a p b = (constant)V {M / LT 2 } a {M / V} b = L/T 

a+ b= 1 
—a — 3b= 1 
- 2 a =-1 

a = l b = -\ V = (const ant) VAp/p 


18.69 The buoyant force F b on a body is thought to depend upon its volume submerged V and the gravitational body 
force acting on the fluid. Determine the form of the buoyant-force equation. 

f F b =f(V, pg) V a (pg) b = (constant)^ {L 3 }°{(M/L 3 )(L/T 2 )} b = {ML/T 2 } 

M : b= 1 

L-. 3a — 2b= 1 

T: -2b = -2 

a = 1 b = 1 F h = (constant) Vpg 


18.70 In a fluid rotated as a solid about a vertical axis with angular velocity co, the pressure rise p in a radial direction 
depends upon speed co, radius r, and fluid density p. Obtain the form of equation for p. 

f Ap =/(<o, r, p) co“r b p c = (constant)Ap {l/T}“{L} h {M/L 3 } c = {M/LT 2 } 

M: c = 1 

L: b — 3c = — 1 

7: j, -a = —2 

a = 2 b = 2 c = 1 Ap = (constant)coVp 
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18.71 The Mach number N M for flow of a perfect gas in a pipe depends upon the specific-heat ratio k (dimensionless), 
the pressure p, the density p, and the velocity V. Obtain by dimensional reasoning the form of the Mach 
number expression. 

I =f(k, P, p, V), k, p, p, V) = 0; n = 5, / = 3, n -j = 5 - 3 = 2ITs expected. 

n j = m n 2 =k p a p b v = n 3 {mv^Kmvt^l^hl/t^i 


M: 

a+ b 

= 0 

L : 

-a -3b + 1=0 

T: 

-2a 

-1=0 


a- - 2 b = \ N M =f(V/VpJp, k) 

18.72 The moment exerted on a submarine by its rudder is to be studied with a 1:25 scale model in a water tunnel. If 
the torque measured on the water model is 7 N • m for a tunnel velocity of 17 m/s, what are the corresponding 
torque and speed for the prototype? 

I V„IV m = L m /L p V p m = js V p = 0.68 m/s T = (force)(arm) (pV 2 A)(L) 

T r = p,V 2 A,L r = (\){\!L r fL% r = L r T p /T m = L p /L m T p /1 = t T p = 175N-m 

18.73 A rotary machine is to mix paint [p = 789 kg/m 3 , p = 1.20 x 1CT 3 Pa • s]. Tests with a 1:5 scale model in SAE30 
oil [p = 917 kg/m 2 , p = 0.29 Pa • s] indicate best mixing at to = 1850 rpm. What should the rotation speed of the 
prototype be? 

f (N R ) m = (N R ) P . Use a characteristic velocity coD, so that N R = (p)(toD)(D)/p = pcoD 2 / p. Then 
(917)(1850)(D P /5) 2 /0.29 = (789)(to p )(D p ) 2 /(1.20 x 10“ 3 ), w p = 0.356rpm. 

18.74 A one-fourteenth-scale model of a parachute has a drag of 400 lb when tested at 23 ft/s in a water tunnel. If 
Reynolds number effects are negligible, estimate the terminal fall velocity at 5000 ft standard altitude of a 
parachutist using the prototype if chute and chutist together weight 175 lb. Neglect the drag coefficient of the 
woman. 

f (C D ) m = (C D ) P (if Reynolds number effects are negligible), C„ = FIpV 2 D 2 . 

p„ = 0.002048 slug/ft 3 (from Table A-7) D m = D„/14 
400/[(1.94)(23) 2 ( Dp/14) 2 ] = 175/l(0.002048)(Vp) 2 (Dp) 2 ] V p = 33.4 ft/s 

18.75 A one-tenth-scale model of a weir has a measured flow rate of 2.5 cfs when the upstream water height is 
H = 6.9 in. Use the results of Prob. 18.56 to predict the prototype flow rate when H = 3.1 ft. 

f ( Qlb)l{g m H 3/2 ) = constant (from Prob. 18.56) l(Q/b)/(g W2 H 2 ' 2 )} m = \{Q/b)/(g' 2 H 2l2 )} p 

b m = 6p/10 [2.5/(V10)]/[(32.2)' ,2 (6.9/12) 3,2 l = {Q p lb p )l[(12.2)' a (3.Xf 2 } Q p = 313 ft 3 /s 

18.76 For model and prototype, show that, when gravity and inertia are the only influences, the ratio of flows Q is 
equal to the ratio of the length dimension to the five-halves power. 

I Qm/Qp = (L 3 m /T m )/(Ll/T p ) = L 3 r /T r . The time ratio must be established for the conditions influencing the 
flow. Expressions can be written for the gravitation and inertia forces, as follows: 

Gravity: FJF P = WJW P = (yJy p ){LllLl) = y,V r 

Inertia FJF P = M m aJM p a p = (p m /p p )(Li/Ll)(L r IT 2 ) = Pr L%L r lT 2 ) 

Equating the force ratios, y r L 3 = p r L 3 (L r /T 2 r ), which, when solved for the time ratio, yields 

T 2 r = L r (p r /y r ) = L r /g r (1) 

Recognizing that the value of g r is unity, substitution in the flow ratio expression gives 

Qr=QmlQ p = L 3 l L\ a = Ll a (2) 

18.77 A spillway model is to be built to a scale of 1:25 across a flume which is 2 ft wide. The prototype is 37.5 ft high 
and the maximum head expected is 5.0 ft. What height of model and what head on the model should be used? If 
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the flow over the model at 0.20 ft head is 0.70 cfs, what flow per foot of prototype may be expected; 

I LJL P = i Height of model = (37.5 )(b) = 1.50 ft \ 

Head on model = (5.0 )(b) = 0.20 ft Q r — L s r n (from Prob. 18.76) 

QJQ p = (LJL p ) 512 0.070 /Q p = (i) 5/2 Qp = 2188 ft 3 /s 

bjb p = A 2/fc p = i b p = 50.0 ft q P = Q P /b p =2188/50.0 = 43.8 ft 3 /s 

18.78 For the model described in Prob. 18.77, if the model shows a measured hydraulic jump of 1.0 in, how high is the 

jump in the prototype? If the energy dissipated in the model at the hydraulic jump is 0.15 hp, what would be the 
energy dissipation in the prototype? I 

f Since L m /L p = g, height of jump = (1.0)(25) = 25.0 in, or 2.08 ft, P r = F r L r /T r = (Y r L 3 )(L r )/y/L r /g r . Since 
g r = Yr = 1. Pr = L™, 0. 15/P p = (i)™, P r = 11720 hp. 

18.79 A model of a reservoir is drained in 4 min by opening the sluice gate. The model scale is 1:225. How long 
should it take to empty the prototype? 

f Since gravity is the dominant force, Q r = L 5 ,' 2 (from Prob. 18-76), Q r = QJQ P = (L 3 Jt m )/(Ll/t p ), 

L 5 r a = (L 3 )(t p /t m ), t p = tJLl' 2 = (4)/(i) 1/2 = 60.0 min. 

18.80 A rectangular pier in a river is 4 ft wide by 12 ft long and the average depth of water is 9.0 ft. A model is built to 
a scale of 1:16. The velocity of flow of 2.50 fps is maintained in the model and the force acting on the model is 
0.90 lb. What are the values of velocity in and force on the prototype? 

f Since the gravity forces predominate, V m /V p = \fh„ 2.5Q/V P = V p = 10.0 ft/s. F m /F p = y r Z.?, 0.90 /F p = 
(l-0)(*) 3 , F p =36861b. 

18.81 If a standing wave in the model of Prob. 18.80 is 0.16 ft high, what height of wave should be expected at the 
nose of the pier? What is the coefficient of drag resistance? 

f VJV P = VTjVLp = V£,/Vh p 2.50/10.0 = \€l6 /Vh p h p = 2.56 ft 

F d = CopAV 2 /2 3686 = (C D )( 1.94) [(4) (9)] (10.0) 2 /2 C D = 1.06 

18.82 The measured resistance in fresh water of an 8-ft ship model moving at 6.50 fps was 9.60 lb. (a) What would be 
the velocity of the 128-ft prototype? (6) What force would be required to drive the prototype at this speed in 
salt water? 

f (a) Since gravity forces predominate, V m /V p = VL r , 6.50/V p = Vjfg, V p = 26.0 ft/s. 

(6) FJFp = YrL\ 9.60/F p = (62.4/64.2)(b) 3 F„ = 404601b 



CHAPTER 19 

Unsteady Flow 


19.1 The surface of a frictionless fluid column 2.18 m long is dropping at 2 m/s when z=0.5m (measured upwards 
from the reference level). Find (a) the maximum value of z, (ft) the maximum speed. 

f (a) z = Z cos cor, dz/dt — —a>Z sin cor, where co = V2 g/L = V2(9.807)/2.18 = 3.00 rad/s. Then, if r, is the 
time when z = 0.5 and dz/dt = 2, 0.5 = Z cos 3.00r,, —2 = — 3.00Z sin 3.00r,. From these, 

sin 2 3.00r, + cos 2 3.00r, = 1 = 

whence Z 2 = 25/36, or Z = 5/6 = 0.833 m. 

(ft) coZ = (3.00)(0.833) = 2.50 m/s. 

19.2 A 1.0-in-diameter U-tube contains oil, v = 1 x 10 4 ft 2 /s, with a total column length of 120 in. Applying air 
pressure to one of the tubes makes the gage difference 16 in. By quickly releasing the air pressure, the oil 
column is free to oscillate. Find the maximum velocity, the maximum Reynolds number, and the equation for 
position of one meniscus z, in terms of time. 

f The assumption is made that the flow is laminar, and the Reynolds nu mber will be compute d on this basis. 
T he constants m and n a re m = 16 v /D 2 = (16 x 10 _4 )/(^) 2 = 0.2302, n = V(16 v/D 2 ) 2 — (2 g/L) = 

V0.2302 2 — [2(32.2)/10] = V—6.387 = r'2.527, or rt' = 2.527. The liquid will oscillate above and below z = 0. The 
oscillation starts from the maximum position, tha t is, Z = 0.667 ft. The velocity (fictitious) when z = 0 at time t„ 
before the max imum is determined to be V„ = Z\]2g/L exp [(m/n 1 ) tan -1 (n 7m)] = 

0.667V64.4/10 exp [(0.2302/2.527) tan -1 (2.527/0.2302)] = 1.935 ft/s and tan n't 0 = n'/m, r„ = 

(1/2.527) tan" 1 (2.527/0.2302) = 0.586 s; z = (K/n> _m ' sin (n't) = 0.766 exp [-0.2302(r + 0.586)] sin 2.527(r + 
0.586) in which z = Z at r = 0. The maximum velocity (actual) occurs for t > 0. Differentiating with respect to t 
to obtain the expression for velocity, V = dz/dt = -0.1763 exp [-0.2302(t + 0.586)] sin 2.527 (t + 0.586) + 

1.935 exp [—0.2302(f + 0.586)] cos 2.521 (t + 0.586). Differentiating again with respect to t and equating to zero 
to obtain maximum V produces tan 2.527 (t + 0.586) = -0.1837. The solution in the second quadrant should 
produce the desired maximum, t = 0.584 s. Substituting this time into the expression for V produces 
V = -1.48 ft/s. The corresponding Reynolds number is VD/v = 1.48(rg x 10 4 ) = 1234; hence the assumption of 
laminar resistance is justified. 


19.3 


19.4 


A U-tube consisting of 500-mm-diameter pipe with / = 0.03 has a maximum oscillation (Fig. 19-1) of z m = 6 m. 
Find the minimum position of the surface and the following maximum. 

f [1 + (fzJD)]e- f *"' D = [1 + (fz m +JD)]e~ fZm +,/D , {1 + [0.03(6)/0.5]}e OO3<6) ° 5 = (1 + 0.06z„ 1+1 )e or 

(1 + 0.06z m+ ,)e~° 06 *" ,+l = 0.9488, which is satisfied by z m+ , = -4.84 m. Using z m = 4.84 m in the previous 
equation, (1 + 0.06z m+ ,)e~ <,O6z '" +1 = [1 + 0.06(4.84)]e _o 06,4 ^ = 0.9651, which is satisfied by z m+ , = —4.05 m. 
Hence, the minimum water surface is z = —4.84 m and the next maximum is z = 4.05 m. 



Fig. 19-1 


The pipe of Prob. 19.3 is 1000 m long. By numerical integration of the equation 

\dz\ 


d z f dz 
d? + 2Ddi 


dt 


■3z.O 

JLj 
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using the third-order Runge-Kutta method [see Prob. 19.22], determine by a computer program the time to the 
first minimum z and the next maximum z and check the results of Prob. 19.3. 

f 10 REM EXAMPLE TURBULENT OSCILLATION OF A U-TUBE. 

20 DEFINT I: DEF FNZ<ZZ,YY>”C1*YY*ABS(YY>+C2*ZZ 

30 READ D,F,L.ZM,B,H,IPR: DATA .5, .03,1000.,6.,9.806, . 3,4 

40 LPRINT: LPRINT"D,F, L, ZM, G,H, IPR”";D;F;L; ZM;G;H; IPR 

50 C1”-.5*F*H/D: C2—2!*B»H/L: Y«0!: Z”6! ’ Y IS DZ/DT 

60 0Z”6!: I=Os EPS”.001 

70 LPRINT: LPRINT" T,sec Z,ffl V,m/S": LPRINT 

00 I-I+l: 00Z-0Z: 0Z»Z ’ OOZ *nd OZ us«d to determine max and min Z 

90 U11”FNZ<Z,Y>: U12”H*Y 

100 U21«FNZ<Z+.3333»U12,Y+.3333*U11> : U22-H*(Y+.33334U11> 

110 U31”FNZ(Z+.6667*U22,Y+.6667»U21>: U32-H*(Y+.6667»U211 

120 Y»Y+.254U11 + .754U31: Z”Z+.254U12+.754U32: T-T+H 

130 IF <OZ<OOZ-EPS> AND (0Z<Z-EPS) THEN LPRINT"ZMIN”";OZ; "TIME*"; T-H 

140 IF I MOD IPR-0 THEN LPRINT USING"###. •»« ";T;Z;Y 

150 IF (OZ>OOZ+EPS) AND (0Z>Z+EPS) THEN LPRINT"ZM”":OZ; "TIME”"; T-H: STOP 
ELSE GOTO BO 


D,F,L,ZM.G.H,IPR” .5 .03 1000 6 9.006001 .5 4 


T« sec 

Z, m 

V, m/s 

2.000 

5.767 

-0.231 

4. OOO 

5.091 

-0.438 

6.000 

4.042 

-0.602 

0.000 

7.721 

-0.709 

10.000 

1.247 

-0.755 

12.000 

-0.257 

-0.740 

14.OOO 

-1.677 

-0.671 

16.000 

-2.912 

-0.550 

18.OOO 

-3.884 

-0.409 

20.000 

-4.533 

-0.236 

22.000 

-4.821 

-0.050 

ZMIN—4. 

034092 TIME” 22.5 

24.000 

-4.732 

0. 138 

26.000 

-4.270 

0.313 

28.000 

-3.502 

0.457 

30.000 

-2.470 

0.559 

32.000 

-1.290 

0.613 

34.000 

-0.061 

0.616 

36.OOO 

1.136 

0.574 

38.000 

2.206 

0.490 

40.000 

3. 075 

0.374 

42.000 

3.600 

0.235 

44.000 

4.006 

0.082 


ZM” 4.040564 TIME” 45 


19.5 In Fig. 19-2 a valve is opened suddenly in the pipeline when z x = 40 ft. L = 2000 ft, A x = 200 ft 2 , A z = 300 ft 2 , 

D = 3.0 ft, / = 0.024, and minor losses are 3.50V 2 /2g. Determine the subsequent maximum negative and 
positive surges in the reservoir A u 

f The equivalent length of minor losses is KD/f = 3.5(3)/0.024 = 438 ft. Then L e = 2000 + 438 = 2438 and 
z m = z 1 A 1 /A = 40(200/(2.25*:) = 1132 ft. The corresponding <pis<p =f(LJL)(z m /D) = 0.024(ii)( 1 f 2 ) = 11.04 
and F(<p) = (1 + ^>)e~* = (1 + 11.04)e -1104 = 0.000193, which is satisfied by </>» —1.0. Then F(<f>) = 

(1 + l)e -1 = 0.736 = (1 + which is satisfied by <f> = —0.593, The values of z m are, for <p = -1. z m = 
<t>LD/fL' = —1(2000)(3)/[0.024(2438)] = -102.6 and, for <p = 0.593, z m = 0.593(2000)(3)/[0.024(2438)] = 60.9. 
The corresponding values of z a are z x = z m (A/A j) = —102.6(2.25*/200) = —3.63 ft and z, = 60.9(2.25*/200) 

= 2.15 ft. 



Fig. 19-2 















UNSTEADY FLOW 0 591 


In Fig. 19-3 the minor losses are 16V 2 /2g, f = 0.030, L = 3000 m,D=2.4m, and H = 20 m. Determine the 
time, after the sudden opening of a valve, for velocity to attain nine-tenths the final velocity. 


I 


H =f(LJD)(V 2 J2g) L e = 3000 + [16(2.4)/0.03] = 4280 m 
V 0 = V2 gHD/fL e = Vl9.612(20)(2.4)/ [0.030(4280)] = 2.708 m/s 


Substituting V = 0.9V o into t = ( LV 0 /2gH ) In [(V 0 + V)/(V 0 - V)], t = [3000(2.708)/19.612(20)] In (1.90/0.10) = 
60.98 s. 



In Fig. 19-4 the water surface changes according to the equation H Pa = H 0 + A// sin cot while the right end of the 
pipe contains a small orifice. The frequency of the waves is set at the natural period of the pipe, 4L/a, which 
yields an to of 2jt/(4L/a). Determine the resulting motion of fluid in the pipe and the head fluctuations. 

I One reach is used. The upstream section is solved by H P . = C M + B M Q P . together with the head, which is a 
known function of time. The downstream boundary condition solves the orifice equation together with 
Q 2 Pb = C l Hp A , H Pg = C P - B p Qp b . The program and results are shown below. 


10 REM . TRANSIENT IN SINGLE-REACH PIPE. 

20 DEFINT It READ F,L,D,A,DH,HO,IPR,PI,0,TM,CD,DORIF 
30 DATA .018,600. , .3, 1200. ,3. ,40. , 1,3. H16,S.006, 12. , .6, .03 

40 AO".254PI*DORIF~2: LPRINT'CD,DORIF,AO»"|CDjDORIFjAOi Cl-(CD*AO>~2*2•»S 

50 LPRINT"F, L, D, A, DH-" ; F; L| Dj A; DHi LPRINT "HO, IPR, PI , 8, TM-" ) HOj IPR.-PI jG; TM 

60 PER-4!»L/A: OM-2!«PI/PERt AR-. 25*PI *D' , 2 

70 B-A/(G»AR)J R=.5*F«L/<G*D»AR~2): 00"S0R<HO/(R+I!/Cl)) 

00 T»0!: DT"L/A: I»0« HA=H0: HB=H0-R*00^2! QA-OOl 0B=00 

90 LPRINT" T,s HA,m OA,1/s HB,m QB,l/»" 

100 LPRINT USING"KNIH1. NMNtt " ; T; HA j 1OOO ! IQA; HB; 1 000 1 *QB 
110 T=T+DTi I®I + 1: IF T>TN THEN STOP 

120 HPA"HO+DH«SIN(OM«T): CM“HB-B»QB: BM-B+R*ABS<QB>I QPA-(HPA-CM)/BM 

130 CP-HA*B»QA: BP=B+R*ABS <OA) i OPB—. 3«BP*C1+SOR ( (. 3*BP*C1 > ^2+CP*Cl) 

140 HPB~CP-BP*QPB: HA=HPA) HB-HPB: QA-QPA.- QB=QPB 

150 IF I MOD IPR-0 THEN 100 ELSE GOTO 110 
CD,DORIF,AO- .6 .03 7.06B6E-04 


L t D f A t DH« 

.018 600 

. 5 1200 

3 


>, IPR # PI, 6 

,TM= 40 1 

3.1416 

9.806001 

12 

T,s 

HA, m 

QA,1/s 

HB, m 

OB,l/s 

0.0000 

40.0000 

11.B783 

39.9960 

11.8783 

0.5000 

43.0000 

16.6892 

39.9960 

11.0783 

i.0000 

40.0000 

11.8782 

45.4994 

12. 6692 

1.5000 

37.0000 

-0.9676 

39.9959 

11.8783 

2.0000 

40.0000 

11.8784 

29.9B65 

10.2851 

2.5000 

43.0000 

31. 1506 

39.9961 

11.8703 

3.0000 

39.9999 

11.8780 

53.8149 

13.7783 

3.5000 

37.0000 

-13.1930 

39.9958 

11.8703 

4.0000 

40.0001 

11.8787 

23.1428 

9.0355 

4.5000 

43.0000 

40.8796 

39.9963 

11.8763 

5.0000 

39.9999 

11.8776 

59.4364 

14.4801 

5.5000 

37.0000 

-21.5050 

39.9955 

11.8782 

6.0000 

40.0001 

11.8792 

IB.5504 

8.0895 

6.5000 

43.0000 

47.3015 

39.9966 

11.8704 

7.0000 

39.999B 

11.8771 

63.1574 

14.9265 

7.5000 

37.0000 

-27.0247 

39.9952 

11.B782 

B.0000 

40.0002 

11.8790 

15.5371 

7.4034 

B.5000 

43.0000 

51.4503 

39.9970 

11.8704 

9.0000 

39.9998 

1 1.8765 

65. 5652 

15.2084 

9.5000 

37.0000 

-30.6034 

39.9940 

11.0781 

10.0000 

40.0002 

11.8804 

13.6031 

6.9273 

10.5000 

43.0000 

54.0776 

39.9974 

1 1.8705 

11.0000 

37.9998 

11.8757 

67.0916 

15.3044 

11.5000 

37.0000 

-32.8746 

39.9944 

11.8781 

12.0000 

40.0003 

11.0810 

12.3B53 

6.6099 
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Fig. 19-4 


19.8 


Develop the necessary boundary-condition equations for the pump in Fig. 19-5. The pump is to be started with 
a linear speed rise to N R in t 0 s. A check valve exists in the discharge pipe. The initial no-flow steady-state head 
on the downstream side of the check valve is H c . For a steady flow of Q 0 there is a loss of A H 0 across the open 
check valve. Assume that the check valve opens when the pump has developed enough head to exceed H c - 

f The equation for the hydraulic grade line downstream from the pump and check valve (after the check valve 
is open) is H P = C X N 2 + C 2 NQ P + C,Q 2 P - Q^AHJQ 2 ), Q P = {(B M - C 2 A)/[2(C 3 - AW 0 /Qo)]}(1 - [1 + 

4(C 3 - AH 0 /Ql) 2 (C M - CiN 2 )/(B m - C 2 Nf] m ). The equations for the boundary condition are B M = (aIgA) + 
R\Qi\. C m = H 2 -bq 2 , 


p*(r/t 0 ) (<(„ 

{N r t>t 0 

If C t N 2 > H c , Q P is defined by the above equation for the quadratic, and H P = C M + B M Q P . If C, N 2 < H c , 
Q P — 0 and H P — Me 


/ T X F 


Final hydraulic 



Fig. 19-5 


19.9 The system of Fig. 19-6 initially has a valve opening C D A = 0.06 m 2 . At intervals of 5 s, C D A takes on the values 
0.03, 0.01, 0.003, 0.001, 0.0005, 0.0002, 0.0, and remains closed. Using a computer program, calculate the 
transients of the system for 40 s after the valve starts to close. 

f The data for this problem and some of the output are given below. The number of reaches was selected as 
N = 4. Hydraulic-grade-line elevations are given in meters and discharges in cubic meters per second. 


10 REM BiWH UATERHAMMER PROGRAM IN IBMPC BASICA FOR UPSTREAM RESERVOIR, 
20 SINGLE PIPE, AND DOWNSTREAM VALVE. DARCY-WE! SBACH FRICTION. F GIVEN. 
30 ' A-UAVE SPEED, CVA=PRODUCT OF DISCHARGE COEF. AND AREA OF VALVE 
40 ' OPENING, WITH VALUES GIVEN FOR INTERVALS DCV. 

50 LPRINT ■ BASIC UATERHAMMER PROGR<¥1‘ 

60 LPRINT • DATE="jDATE*j* TIME®";TIME* 

65 CLEAR: DIM CVA<11): DEFINT I,J,K 

70 READ F,L,A,N,D,HRES,G,JPR,OCV,TMAX 

80 DATA .022,4800.,1200.,4,2.,100.,9.806,1,5.,40. 

90 LPRINT: LPRINT"F,L,A,N,D®";F jLjAjNjD 

100 LPRINT'HRES.G, JPR,DCV,TMAX®‘ jHRESiG j JPR jDCVjTMAX 

105 LPRINT'CVA®" j 

110 FOR 1-1 TO 11: READ CVA< I ) : NEXT I: LPRINT 

115 FOR 1=1 TO 11: LPRINT CVA(I)(: NEXT I: LPRINT 

120 DATA .06,.03,.01,.003,.001,.0005,.0002,.0,.0,.0,.0 
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130 AR».7854«D"2: B=A/(G*AR> : NS=N*1: DT=L/<A«N>: CV=COA< l > 

140 HP<i)=HRES: J=0: T=0! : Q0=SGR<HRES/< F«L/< 2* «G»D«AR' , 2> ♦ 1 ‘/< 2’ «G«CV*2>)) 

150 H0=<Q0/CU)*2/<2!*G>: R=<HRES-H0>/CQ0~2»N> 

1*0 FOR 1 = 1 TONS: Q<l>»Q0: H< 1 )=HRES-< I-1 ) »R»Q0' , 2: NEXT I 

170 LPRINT* PIEZOMETER HEADS AND FLOWS ALONG THE PIPE" 

180 LPRINT" TIME CO X/L= .0 .25 .5 .75 I." 

190 LPRINT USING" MW. MW* ;Tj : LPRINT USING" M .NtWIWi CV j : LPRINT" H=" : 

200 LPRINT USING" ««*.*«’;H<1 ) jH<2){H<3>;H<4>;H(5» 

210 LPRINT SPC< 17) ; "Q=" ; : LPRINT USING" Mtttt. tW" ;Q< 1 > jQ< 2) ,• Gt 3> ;Q< 4) ; Q' 5' 

220 T=T*DT: J=J*1: K=FIX(T/DCV>*1: IF T>TMAX THEN STOP 

230 CV=£X»A<K)*(T-<K-I >«DCV>*<CUA<«♦1 >-CVA< K> >/DCO 

240 REM DOWNSTREAM BOUNDARY CONDITION 

250 CP=H<N»tB*Q<N): BP=B*R»ABS(3<N)) 

2*0 0PiNS) = -G*BP«CU"2*SQR< <G«6P*CV~2J* 2*2 1 *G«CU~2«CP>: HF<NS>=CP-BP»QP<NS> 

270 REM UPSTREAM BOUNDARY CONDITION 

260 QP<1) = (HP<1)-H(2>«B«0<2)>/<B*R*ABS<0* 2> >> 

290 REM INTERIOR SECTIONS 

300 FOR 1 = 2 TO N: CP“H<I -1>♦B*Q<1-1>: BP=B*R*ABSi0(I-1 >> 

310 CM=H<I + 1)-B«0<I*1): BN=B*R«A8S<0<I * 1)) 

320 OPU > = <CP-CM)/(6P*BM> : HP<I>=CP-BP»GP<l>: NEXT I 

330 FOR 1=1 TONS: H(I)=HP<I): Q<I>=0P<I): NEXT 1 

340 IF J MOD JPR»0 THEN 190 ELSE 220 


F,L,A,N,D= .022 4800 1200 4 2 

HRES.B,JPR,DCV,TMAX= lOO 9.806001 1 S 36 

CVA= 

.06 .03 .01 .003 .OOl .0005 . 0002 O O O O 

PIEZOMETER HEADS AND FLOWS ALONG THE PIPE 


TIME 

CV 

X/L= 

.0 

.25 

.5 

.75 

1 . 

0.000 

0.06000 

H= 

100.00 

99.53 

99.06 

98.58 

98. 11 



Q= 

2.63 

2.63 

2.63 

2.63 

2.63 

1.000 

0.05400 

H« 

100.00 

99.53 

99.06 

98.58 

105. 14 



0= 

2.63 

2.63 

2.63 

2.63 

2.45 

2.000 

0.04800 

H= 

100.00 

99.53 

99.06 

105.59 

112.77 



Q= 

2.63 

2.63 

2.63 

2.45 

2.26 

3.000 

0.04200 

H= 

100.00 

99.53 

106.03 

113.18 

121.07 



Q= 

2.63 

2.63 

2.45 

2.26 

2.05 

4.000 

0.03600 

H= 

100.00 

106.47 

113.59 

121.45 

130.07 



Q= 

2.63 

2.45 

2.26 

2.05 

1.82 

5.000 

0.03000 

H= 

100.00 

114.00 

121.83 

130.41 

139.B5 



Q= 

2.28 

2.26 

2.05 

1.82 

1.57 

6.000 

0.02600 

H= 

100.00 

115.33 

130.76 

140.17 

146.84 



Q= 

1.90 

1.88 

1.82 

1.57 

1.40 

7.000 

0.02200 

H= 

100.00 

116.76 

133.63 

147.14 

154.25 



0= 

1.48 

1.46 

1.40 

1.40 

1.21 

8.000 

O.OIBOO 

H” 

100.00 

118.29 

133.13 

147.70 

162.04 



Q= 

1.03 

1.01 

1.04 

1.04 

1.01 

9.000 

0.01400 

H= 

100.00 

116.37 

132.36 

148.02 

157.BO 



Q= 

0.54 

0.61 

0.64 

0.65 

0.78 

10.000 

0.01000 

H= 

100.00 

114.08 

131.27 

142.47 

152.18 



Q- 

0. 19 

0.18 

0.22 

0.38 

0.55 

11.000 

0.00860 

H= 

100.00 

114.90 

124.19 

135.44 

139.90 



0* 

-0. 19 

-0.20 

-0.08 

0. 12 

0.45 

12.000 

0.00720 

H= 

100.00 

110.11 

119.07 

121.62 

126.02 



Q= 

-0.58 

-0.45 

-0.30 

-0.02 

0.36 

13.000 

0.00580 

H= 

100.00 

104.18 

107.56 

109.66 

110.38 



0= 

-0.70 

-0.69 

-0.38 

-0.06 

0.27 

14.000 

0.00440 

H= 

100.00 

97.46 

94.78 

96.32 

99.66 



0= 

-0.79 

-0.64 

-0.44 

-0.09 

0. 19 

15.000 

0.00300 

H= 

100.00 

90.62 

86.23 

84.79 

87.91 



0= 

-0.57 

-0.55 

-0.35 

-0. 19 

O. 12 

16.000 

0.00260 

H= 

100.00 

88.7B 

80.63 

77.83 

73. 65 



Q= 

-0.31 

-0.28 

-0.29 

-0. 13 

0. 10 

17.000 

0.00220 

H= 

100.00 

90.01 

80.38 

69.49 

69.43 



Q= 

0.00 

-0.05 

-0.07 

-0.01 

0.08 

18.000 

0.00180 

H= 

100.00 

91.60 

78.88 

71.98 

66.65 



Q= 

0.20 

0.22 

0.23 

0. 15 

0.07 

30.000 

0.00020 

H= 

100.00 

96.69 

93. 19 

93.90 

94.64 



Q= 

-0.87 

-0.72 

-0.53 

-0.21 

0.01 

31.000 

0.00016 

H= 

100.00 

90.08 

85.27 

83.34 

85.51 



G= 

-0.64 

-0.61 

-0.43 

-0.28 

0.01 

32.000 

0.00012 

H= 

100.00 

88.59 

80.24 

76.88 

72.20 



Q= 

-0.36 

-0.34 

-0.36 

-0.21 

0.00 

33.000 

0.00008 

H= 

100.00 

90. 16 

80.20 

69.10 

68.40 



0 = 

-0.05 

-0.11 

-0.13 

-0.08 

0.00 

o 

o 

o 

* 

0.00004 

H= 

100.00 

91.61 

79.03 

71.72 

66. 12 



Q= 

0. 15 

0.16 

0. 18 

0.09 

0.00 

35.000 

0.00000 

H= 

100.00 

88.87 

83.13 

76.04 

75. 15 



Q= 

0.38 

0.43 

0.38 

0.26 

0.00 

36.000 

0.00000 

H= 

100.00 

91.92 

85.88 

86.56 

86.02 



0 = 

0.72 

0.60 

0.51 

0.29 

0.00 
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L = 4800 m, D = 2 m _j 

f= 0.022, a = 1200 m/s 

Fig. 19-6 

19.10 Determine the period of oscillation of a U-tube containing 333 mL of water. The cross-sectional area is 
270 mm 2 . Neglect friction. 

f L = V/A = (333 x 10 6 )/(270 x 10“ 6 ) = 1.235 m 

T = 2ji\/LI2g = (2)(jt) Vl. 235/[(2)(9.807)] = 1.58 s 

19.11 A fluid-filled U-tube is oscillating with maximum displacement from an equilibrium position of 0.1 m. The total 
column length is 0.9 m. Determine the maximum fluid velocity and the period of oscillation. Neglect friction. 

I z = Z cos V2g/Z t = (0.1) cos V2(9!807)/o!9 f = 0.100 cos 4.668f dz/dt = -0.4668 sin 4.668/ 

Maximum velocity = 0.4668 m/s; T = 2tt/ 4.668 = 1.35 s. 

19.12 A U-tube contains liquid oscillating with a velocity of 1.8 m/s at the instant the menisci are at the same 
elevation. Find the time to the instant the menisci are next at the same elevation and determine the velocity 
then. Take v = 1 x 10 -5 m 2 /s, D = 8 mm, and L = 800 mm. 

I N r = DV/v = (0.008)(1.8)/(1 x 10~ 5 ) = 1440 (laminar flow) 

m = 16 v/D 2 = (16)(1 x 10~ 5 )/(0.008) 2 = 2.500 
n = V(16 v/D 2 ) 2 - 2 g/L = V2.500 2 - (2)(9.807)/(0.800) = 4.274i 
n'= 4.274 z = (V 0 /n’)(e- rM ) sin (n't) 

At next z = 0, 4.274f = n. t — 0.735 s, V = dz/dt = V r 0 e _m '[cos (n't) — (min') sin (n't)]. When n't = n, V = 
(1.8)[e _<2 500)(0 735) ][cos tc — (m/n') sin n] = 0.287 m/s. 

19.13 A 9-ft-diameter horizontal tunnel has 9-ft-diameter vertical shafts spaced 1.1 mi apart. When valves are closed 
isolating this reach of tunnel, the water surges to a depth of 48 ft in one shaft when it is 18 ft in the other shaft. 
For / = 0.020, find the height of the next two surges. 

I z m = (48 — 18)/2 = 15.00 ft [1 + (fZmlD))e~- fZm ' D = [1 + (fz m+ J D)]e~ fZm+ ' ,D 

fzJD = (0.020)(15.00)/9 = 0.0333 

(1 + 0.0333)e~° 0333 = [1 + (0.020z m+1 /9)]e-° 020z ™ + ' /9 z m+1 = 14.99 ft 
Repeat, using z m = 14.99 ft. 

fzJD = (0.020)(14.99)/9 = 0.0333 

(1 + 0.0333)e “° 0333 = [1 + (0.020z m+1 /9)]e~ ao2Oz '” +|W z m+1 = 14.98 ft 
Hence, z, = 14.99 ft and z 2 = 14.98 ft. 

19.14 Two standpipes 5 m in diameter are connected by 965 m of 2.0-m-diameter pipe; / = 0.020 and minor losses are 
4.2 velocity heads. One reservoir level is 9.6 m above the other one when a valve is rapidly opened in the 
pipeline. Find the maximum fluctuation in water level in the standpipe. 

I L t --=L + KD/f = 965 + (4.2)(2.0)/0.020 = 1385 m z m = z x (AJA) = (^)(5/2.0) 2 = 30.00 m 

4> = ( f)(LJL)(zJD) = (0.020)(W >(30.00/2.0) = 0.4306 
F(<t>) = (1 + (t>)e-* = 0.954, which is satisfied by <f> = —0.275. 

z m = 4>LD/fL r = (—0.275)(965)(2.0)/[(0.020)(1385)] = -19.16 m 
z, = z m (A/A x ) = (—19.16)(2.0/5) 2 = -3.07 m 
Maximum fluctuation = 2 r — (—3.07) = 7.87 m 


H r = 100 m 
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19.15 A valve is quickly opened in a pipe 1270 m long, D = 0.7 m, with a 0.4-m-diameter nozzle on the downstream 

end. Minor losses are 3V 2 /2g, with V the velocity in the pipe, / = 0.024, and H = 8 m. Find the time to attain 95 
percent of the steady-state discharge. 

I t = ( LV/2gH) In [(VI, + V)/(V 0 -V)] H = ( fLjD)(V 2 /2g) + V\/2g ( V\ = nozzle velocity) 

L e = L + KD/f = 1270 + (3)(0.7)/0.024 = 1358 m VJV = (0.7/0.4) 2 V, = 3.062V 

8 = [(0.024)(1358)/0.7]{V' 2 /[(2)(9.807)]} + (3.062V) 2 /[(2)(9.807)] V = 1.675 m/s 

r= {(1270)(1.675)/[(2)(9.807)(8)]} In (1.95/0.05) = 49.7 s 

10) at the end of a pipe 2400 ft long is rapidly opened. D = 3.5 ft,/ = 0.019, minor losses 
= 85 ft. How long does it take for the discharge to attain 85 percent of its steady-state value? 

t = (LV/2gH)ln[(V 0 +V)/(V 0 -V)] V = V2 g HD/fL e 

L e = L + KD/f = 2400 + (10 + 2)(3.5)/0.019 = 4611 ft 
V = V(2)(32.2)(85)(3.5)/[(0.019)(4611)] = 14.79 ft/s 
/ = {(2400)(14.79)/[(2)(32.2)(85)]} In (1.85/0.15) = 16.3 s 

19.17 Benzene ( K = 150 000 psi, s.g. = 0.88) flows through 1-in-ID steel (E = 30 000 000 psi) tubing with ,^-in wall 
thickness. Determine the speed of a pressure wave. 

# a = y/(K/p)/[ 1 + ( K/E)(D/e )] 

= V{[(150 000)(144)]/[(0.88)(1.94)]}/{1 + (150 000/30 000 000)[(l)/(^)]} = 3511 ft/s 

19.18 A valve is closed in 4.5 s at the downstream end of a 3200-m pipeline carrying water at 2.7 m/s (a = 1000 m/s). 
What is the peak pressure developed by the closure? 

I 2L/a = (2)(3200)/1000 = 6.40 s. Since [2 L/a = 6.40 s] > 4 s, this is rapid closure. Then, h = aVjg — 
(1000)(2.7)/9.807 = 275.3 m, p = yh = (9.79)(275.3) = 2695 kPa. 

19.19 Determine the length of pipe in Prob. 19.18 subject to the peak pressure. 

f x = L — at c /2 = 3200 — (1000)(4.5)/2 = 950 m 

19.20 A valve is closed at the downstream end of a pipeline in such a manner that only one-fourth of the line is 
subjected to maximum pressure. During what proportion of the time 2 L/a is it closed? 

I x = L — atJ2 L/4 = L — at c /2 3L/A = atJ2 t c l{2L/a) = \ 

19.21 A 10-mm-diameter U-tube contains oil, v = 5 m 2 /s, with a total column length of 2 m. If the initial 
half-amplitude of displacement is 250 mm, prepare a computer program to find the first 10 maximum and 
minimum displacements and the times they occur. 

I lO REM LAMINAR OSCILLATION OF A U-TUBE. 

20 ’ TO«ATN(N'/M)/N’ 

30 ' VO=Z*N'/(EXP<-M*TO)*SIN(N’*TO)> 

40 ’ The angle THO is THO=N'*TO, and the 

50 ’ general angle is TH=THO+I*PI, with T=TH/N’-TO. 

6# ' Z-VO/N’*EXP(-M*TH/N’)*SIN<TH) 

70 DEFINT I: DEF FNZ<DT,DTH)=C1*EXP<-M*DT)*SIN<DTH) 

BO READ D,NU,L,6,DZ,PI: DATA .01,5E-6,2.,9.806,.25,3.t416 
VO LPRINT: LPRINT“D,NU,L,6,DZ,PI = "jD;NU;L;G;DZ;PI: LPRINT 
1O0 M=16! *NU/D , '2:CC=2! tG/L-M^s IF COO! THEN NP=SQR(CC) ELSE 
LPRINT"NON-OSCILLATING CASE“:STOP 
110 T0=ATN(NP/M>/NPsV0=NP*DZ*EXP(M*TO)/SIN<NP*TO):THO=NP»TO 
120 LPRINT"M,NP,TO,VO,THO= M ;M;NP;TO;VO;THO: LPRINT 
130 Cl=VO/NPs FOR 1*0 TO lOsTH=THO+I*PI:T=TH/NP:Z=FNZ(T,TH) 

140 LPRINT"T,Z,TH=";:LPRINT USING “ ####.##### ";T-TO;Z;TH 
150 NEXT I 

160 LPRINTs LPRINT“MAXIMUM REYNOLD’S NUMBER,V*D/NU= M } VO*D/NU 


19.16 A globe valve (K = 
are 2V 2 /2g, and H - 


D,NU,L,G,DZ,PI* .01 .000005 2 9.806001 .25 3.1416 

M,NP,TO,VO,THO* .8 3.02754 .4335071 1.107393 1.31246 
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t,z,th= 

0.00000 

0.25000 

1.31246 

t,z,th= 

1.03767 

-0. 10900 

4.45406 

t,z,th= 

2.07535 

0.04752 

7.59566 

T,Z,TH= 

3.11302 

-0.02072 

10.73726 

t,z,th= 

4.15070 

0.00903 

13.87886 

T,Z,TH= 

5.1B037 

-0.00394 

17.02046 

T,Z,TH= 

6.22604 

0.00172 

20.16206 

T,Z,TH= 

7.26372 

-0.00075 

23.30366 

T,Z,TH= 

8.30139 

0.00033 

26.44526 

t,z,th= 

9.33907 

-0.00014 

29.58686 

T,Z,TH= 

10.37674 

0.00006 

32.72846 


MAXIMUM REYNOLD'S NUMBER,V*D/NU= 2214.786 


19.22 


An equation for dealing with turbulent resistance is given by 


<fz j_<h 
dt 2 + 2 D dt 


dz 

dt 



= 0 


Put this equation in suitable form for solution by the third-order Runge-Kutta method. 

f Lety =dz/dt, then dy/dt = d 2 z/dt 2 , and dy/dt = —(f/2D)y |y| — (2 g/L)z = F x (y, z, t), dz/dt = y- F 2 (y,z,t). 
The two equations are solved simultaneously, from known initial conditions y„, z„, t„: u n = hF l (y„, z„, t„) = 
h[—(f/2D)y„ \y„\ - (2 g/L)z n ], u X2 = hF 2 (y„, z„, t„) = hy„, u 2X = hF x [y n + («„/3), z„ + (u 12 /3), t„ + (/i/3)] = 
h{-(f/2D)[y„ + (u„/3)] \y n + (u u /3)| - (2 g/L)[z n + (m 12 /3)]}, u 22 = hF 2 [y„ + (u„/3), z„ + (u 12 /3), t„ + (h/3)] = 
h\y„ + (Ui,/3)] ; u M = hF,(y„ + ju 2l , z„ + |u 22 , t„ + lh) = h[-(f/2D)(y„ + iu 2l ) |y n + §m 21 | - (2g/L)(z n + iu 22 )], 
u 32 = hF 2 (y„ + |« 21> z„ + |« 22 , t„ + \h) = h(y„ + \u 2l ), y„ +1 =y„ + (m„/ 4) + iu 3l , z„ +1 =z„ + (u 12 /4) + \u 32< 
t„+i ~ t„ + h. The equations for simultaneous solution have been written for a general case as well as for the 
specific case of solution of the given equation. 

19.23 Prepare a program to carry out the solution of Prob. 19.22 and apply it to the following case: t = 0, z = 12 ft, 

V a = 0, L = 400 ft, / = 0.017, d = 2 ft, dt = 0.1 s, and t max = 30 s. 

f 

tO REM TURBULENT OSCILLATION OF A U-TUBE 

20 DEFINT Is DEF FNN<DY,DZ)-H*<-Cl«DY*ABS(DY)-C24DZ)s DEF FNM(DY>-H«DY 
30 READ Z, V, L, F, D, DT, TMAX, IPR,G: DATA 12. , . O, 400. , . Ol 7, 2.5, . 1,30. , 20, 32. 2 
40 LPRINT: LPRINT"Z,V,L,F,D=";Z;V;L; F; D: LPRINT”DT,TMAX,IPR,G=";DT,TMAX,IPR, G 
50 11 =FI X (TMAX/DT)+1: H=DT: C1 = .5*F/D: C2=2!*G/L: Y=0!: T=0! 

60 LPRINTs LPRINT" T V Z” 

70 FOR 1=0 TO II: IF I MOD IPR=0 THEN LPRINT USING ” ###.### ";T;Y;Z 

80 U11=FNN(Y,Z >:U12=FNM < Y) 

90 U21=FNN(Y+Ul1/3!,Z+U12/3!):U22=FNM<Y+Ul1/3!) 

100 U31=FNN(Y+2!*U21/3, Z+2!«U22/3!) : U32=FNM(Y+2!*U21/3! ) 

110 Y=Y+.25*U11 + .75«U31: Z = Z+.25*U12+. 75*U32:T=T+H 
120 NEXT I 


Z,V,L,F,D= 12 O 400 .017 2.5 

DT,TMAX, IPR,G= .1 30 20 32.2 


T 

V 

Z 

0 . 000 

0.000 

12.000 

2.000 

-3.434 

8.354 

4.000 

-4.681 

-0.240 

6.000 

-3.083 

-8.433 

8.000 

0.308 

-11.355 

10.000 

3. 459 

-7.356 

12.000 

4.418 

0.982 

14.000 

2.702 

8.495 

16.000 

-0.585 

10.723 

18.000 

-3.466 

6.425 

20.000 

-4.162 

-1.647 

22.000 

-2.345 

-8.513 

24.000 

0.834 

-10.104 

26.000 

3.458 

-5.552 

28.000 

3.911 

2.244 

30.000 

2.011 

8.492 


19.24 A surge tank of area AR is to be used with a hydroelectric power plant. The turbines may change from full flow 
to zero flow in TC seconds, and similarly accept full flow in TC seconds. Assuming linear changes in flow to the 
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turbines, determine the elevation of maximum and minimum water surfaces in the surge tank. The maximum 
flow is QM ; elevation of reservoir is Z. Prepare a program using the Runge-Kutta second-order integration of 
the equations. Specifically, let Z = 100m, QM = 20m 3 /s, AR = 75 m 2 , and a pressure pipe L = 10km, D = 3m, 
F = 0.016, with TC = 4 s and DT = H = 1 s. 

f 

10 REM SIMPLE SURGE TANK. 

20 ’ Continuity aquation: DY/DT=(QIN-QOUT)/AR 

30 ’ Eq.Motion: GAM*AR*<Z-Y-R*Q*ABS(Q))=GAM»AR*(L/S)*DQ/DT 

40 ’ or DQ/DT=G*AP*<Z-Y-R*Q*ABS(Q>>/L: in which Y=elev of water surface in 
50 ’ surge tank; AP=area of pressure pipe; R=head loss in pressure pipe 
60 ' per unit discharge. 

70 DEFINT I: DEF FNQ(DY,DQ)=C1<<Z-DY-R*DQ*ABS<DQ>> 

80 READ F,L,D,G,Z,AR,QM,TC, H,TM,IPR,ICLOSE 

90 DATA .016,10000.,3.,9.806,100.,75.,20.,4.,1.,900.,60,0 
lOO LPRINT: LPRINT"F,L,D,G,Z*";F;L;D;G;Z: LPRINT 

llO LPRINT“AR,QM,TC,H,TM,IPR, ICL0SE-"; AR;QM;TC;H;TM;IPR;ICLOSE: LPRINT 

120 AP=. 7854*D~2: R=F*L/<2! *G*. 7854 / ''2*D''5> : C1=8*AP*H/L: C2-H/AR: I I=FIX (TM/H) +1 

130 T=0!: IF ICL0SE=1 THEN Y=Z-R*QM~2: QT=QM: Q=QM ELSE Y=Z: QT=0!: Q=0! 

140 LPRINT" TIME DISCHARGE Y QT" 

150 YMAX=Z: YMIN=Z: LPRINT USING" ###.### “;T;Q;Y;QT: IF ICL0SE=0 THEN 270 
160 FOR 1=0 TO II:T=I*H:IF T<=TC THEN QT=QM*<1!-T/TC) ELSE QT=0! 

170 U11=FNQ(Y,Q):U12=C2*(Q-QT):TT=T+H 

180 IF TT<=TC THEN QT=QM*<1!-TT/TC) ELSE QT=0! 

190 U21=FNQ < Y+U12,Q+U11):U22=C2 * < Q+U11-QT > 

200 Q=Q+.5*<U11+U21):Y=Y+.5*(U12+U22):T=T+H 
210 IF Y>YMAX THEN YMAX =Y:TMAX =T 
220 IF Y<YMIN THEN YMIN=Y:TMIN=T 

230 IF <I+1) MOD IPR=0 THEN LPRINT USING" tMMMt.### ";T;Q;Y;QT 
240 NEXT I 
250 GOTO 360 
260 END 

270 FOR 1=1 TO II:T=I*H:IF T<=TC THEN QT=QM*T/TC ELSE QT=QM 
280 UU=FNQ(Y,Q) :U12=C2*(Q-QT) :TT=T+H 
290 IF TT<=TC THEN QT=QM*TT/TC ELSE QT=QM 
300 U21=FNQ(Y+U12,Q+U11):U22=C2*(Q+Ul1-QT> 

310 Q=Q+.5*(UU+U21):Y=Y+.5*<U12+U22):T=T+H 
320 IF Y>YMAX THEN YMAX=Y:TMAX=T 
330 IF Y<YMIN THEN YMIN=Y:TMIN=T 

340 IF (1+1) MOD IPR=0 THEN LPRINT USING" ####.### ";T;Q;Y;QT 
350 NEXT I 

360 LPRINT"YMAX,TMAX=";:LPRINT USING" ####.## ";YMAX;TMAX 

370 LPRINT"YHIN,TMIN=";:LPRINT USING" ####.## ";YMIN;TMIN 


F,L,D,G,Z= 

.016 lOOOO 

3 9.806001 

100 

AR,QM,TC,H, 

TM,IPR,ICLOSE= 75 20 4 

1 900 60 

TIME 

DISCHARGE 

Y 

QT 

0.000 

0.000 

100.000 

0.000 

60.OOO 

2.978 

85.346 

20.000 

120.000 

10.451 

74.568 

20.000 

180.000 

17.524 

69.934 

20.000 

240.000 

21.355 

69.706 

20.000 

300.OOO 

22.561 

71.399 

20.000 

360.000 

22.479 

73.466 

20.000 

420.000 

21.944 

75.248 

20.000 

480.000 

21.346 

76.561 

20.000 

540.000 

20.839 

77.427 

20.000 

600.000 

20.466 

77.940 

20.000 

660.000 

20.220 

78.206 

20.000 

720.000 

20.075 

78.318 

20.000 

780.000 

20.000 

78.345 

20.000 

840.000 

19.970 

78.331 

20.OOO 

900.OOO 

19.964 

78.303 

20.000 

YMAX,TMAX= 

100.00 

0.00 


YMIN,TMIN= 

69. 44 

212.00 



19.25 The open wedge-shaped tank in Fig. 19-7 has a length of 15 ft perpendicular to the sketch. It is drained with a 
3-in-diameter pipe of length 10 ft whose discharge end is at elevation zero. The coefficient of loss at the pipe 
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entrance is 0.50, the total of the bend loss coefficient is 0.20, and/for the pipe is 0.018. Find the time required 
to lower the water surface in the tank from elevation 8 ft to 5 ft. Neglect the possible change of/with N K , and 
assume that the acceleration effects in the pipe are negligible. 


f Energy equation from water surface to jet at discharge: z — [0.5 + 0.2 + 0.018(10/0.25)](V 2 /2g) = V 2 /2g, 
z - 1.42(F 2 /2g) = V 2 /2g, V = 5. 16z l/2 ; Q 0 = AV = (rr/4)(0.25) 2 5.16z 1/2 = 0.253z l/2 . The area of the water 
surface may be expressed as A s = 15b = 15 Kz. At the top of the tank, A s = 15(6) = 15AT(10), K = 0.6. Thus 
A, = 15(0.6)2 =9z. 


t 


p A s dz 

r 5 9 zdz 

9 f 

/, Qi ~ Qo 

i 0 — 0.253z 1/2 ~ 

0.253 J 8 


dz = — 35.5[|z 3/2 ]| = 271 s 


Note that if the pipe had discharged at an elevation other than zero, the integral would have been different, 
because the head on the pipe would then have been z +h, where h is the vertical distance of the discharge end 
of the pipe below (h positive) or above (h negative) point A of the figure. 



Fig. 19-7 


i 


■i 


i 

\ 

i 

i 
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19.26 Two large water reservoirs are connected to one another with a 10-cm-diameter pipe (/ = 0.02) of length 15 ra. 
The water-surface elevation difference between the reservoirs is 2.0 m. A valve in the pipe, initially closed, is 
suddenly opened. Determine the times required for the flow to reach 3 , 5 , and f of the steady-state flow rate. 
Assume the water-surface elevations remain constant. Repeat for pipe lengths of 150 m and 1500 m with all 
other data remaining the same. In the first case LID = 15/0.10 = 150, hence minor losses are significant. 
Assume square-edged entrance. 

f Square-edg e e ntrance: k L = 0.5, k = k L + f(L/D) = 0.5 + 0.02(15/0.10) = 3.5. For steady flow: V 0 = 
V2gf//(1 + fc) = V2(9.81) 2 /(1 + 3.5) = 2.95 m/s. For unsteady flow use t = {L/[( 1 + &)Vy} In [(V^, + V)I(V 0 - 
V )] = [15/4.5(2.95)] In [(2.95 + V) 1(2.95 - V)] = 1.129 In [(2.95 + V)/(2.95 - V)]. For Q = \Q a substitute 
V = *V 0 , etc.: 


Q 

V,m/s 

2.95+ V 

2.95 -V 

111 

t, s 

0.25Q o 

0.74 

1.667 

0.511 

0.577 

O.5O0o 

1.48 

3.00 

1.099 

1.240 

0.750c 

2.21 

7.00 

1.946 

2.197 


For the other two lengths the results are as follows: 


Q 

L = 150 m 

L = 1500 m 

O.250o 

2.18 s 

7.04 s 

O.5O0 o 

4.69 s 

15.15 s 

O.750„ 

8.30 s 

26.84 s 


19.27 In Fig. 19-8 the elasticity and dimensions of the pipe are such that the celerity of the pressure wave is 3200 fps. 
Suppose the pipe has a length of 2000 ft and a diameter of 4 ft. The flow rate is initially 30 cfs. Water is flowing. 
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Find (a) the water-hammer pressure for instantaneous valve closure; (6) the approximate water-hammer 
pressure at the valve if it is closed in 4.0 s; (c) the water-hammer pressure at the valve if it is manipulated so 
that the flow rate drops almost instantly from 30 to 10 cfs; (d) the maximum water-hammer pressure at a point 
in the pipe 300 ft from the reservoir if a 1.0-s valve closure reduces the flow rate from 10 cfs to zero. 

| v = Q/A = 30/(x2 2 ) = 2.39 fps 

(а) p h = pc P V = 1.94(3200)(2.39) = 14 840 lb/ft 2 = 103.0 psi 

(б) p'h ~ $g/4.0)p* = (1.25/4.00)(103.0) = 32.2 psi 

(c) For this case of partial closure A p h = -pc P (AV). AV = (10 - 30)/jr2 2 = -1.592 fps, 

Ap h = — 1.94(3200)(—1.592) = 9880 lb/ft 2 = 68.6 psi. 

(d) If 2 xjcp = 1.0 s, x 0 = 1600 ft, so that full water-hammer pressure will be developed in the pipe only in the 
region that is farther than 1600 ft from the reservoir. 

For this cases, at valve, p h = 1.94(3200)(2.39/3) = 4940 lb/ft 2 = 34.3 psi. At point 300 ft from reservoir: 
p h =34.3(^) = 6.43 psi. 




Fig. 19-8 


19.28 Suppose a ship lock has vertical sides and that water enters or discharges through a conduit area A such that 

Q = C d A \/2gz, where z is the variable difference in level between the water surface in the lock and that outside. 
Prove that for the water level in the lock to change from z, to z 2 the time is t = [2A s l(C d A\f2g)](z\ n — zi' 2 ). 
(Note: If the lock is being filled, the signs must be reversed.) 

1 Qi = ° Q ° ~ C ‘‘A( 2 8 z ) 1/2 

thus 


r A s dz 
h - C d A(2gz) v2 


C d A(2gf 


r dz 
L -z m ~ 


C d A(2gf 


-2 z 


- 
l*i 


2A S 


C d A(2 g y 


;(z{ l2 -zl >2 ) 


19.29 Suppose the lock of Prob. 19.28 is 285 ft long by 100 ft wide, and water enters through a conduit for which the 
discharge coefficient is 0.52. If the water surface in the lock is initially 29 ft below the level of the surface of the 
water upstream, how large must the conduit be if the lock is to be filled in 6 min? 

f t = [2AJ(C d A\f2g)](z" 2 - z" 2 ) (6)(60) = {(2)[(285)(100)]/[(0.52)(^1)V(2)(32.2)]>(29 1/2 - 0 1 ' 2 ) 

A = 204 ft 2 

19.30 (a) Suppose a reservoir has vertical sides and that initially there is a steady flow into it such that the height of 
the surface above the level of a spillway (Q = C w LH m ) is z t . If the inflow is suddenly cut off, prove that the 
time required for the water level to fall from z, to z 2 is t = (2A S /C W L)(1/Vz^ - 1/VzT). (Note: z = H. ) (b) How 
long will it take theoretically for the outflow to cease entirely? What factors make this theoretical answer 
unrealistic? 

1(a) t-r^r e,=0 Q 0 = C w Lz i/2 

lei ACo 

= P A s dz A, r 2 T 2 2A S r 1_ 

l, —C w Lz 3 ' 2 C W L Lz 1/2 J Z1 C W L Lz 2 ' 2 zJ' 2 J 
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(ft) As z 2 —‘* 0, t —* oo, so theoretically the outflow would never cease. Factors which make this theoretical 
answer unrealistic include surface tension, surface ripples, evaporation, and leakage/seepage losses. 


1931 


The crest of the overflow of a reservoir is 82 ft long, and the value of C w is 3.45. For the range of levels 
considered here the area of the water surface is constant and is 600 000 ft 2 . Initially, there is a flow into the 
reservoir at such a rate that the height of the water surface above that of the spillway crest is stabilized at 4 ft, 
and then the inflow is suddenly diverted. Find the length of time for the water surface to fall to a height of 2 ft 
above the level of the spillway. 


f 


-L 

-l 


22 A. dz 


Qi-Qo 
A s dz 
—C w Lz 3 


2(600 000) 1 
3.45(82) l2 m 


Q, = 0 Q a = C w Lz 312 

2 a s r i_i_i 

C W L Yz? z\ a \ 

- j = 879 s = 14.6 min 


19.32 The crest of the overflow spillway of a reservoir is 46 ft long, and the value of C w is 3.50. The area of the water 
surface is assumed constant at 700 000 ft 2 for the range of heights considered here. Initially, the water surface is 
4 ft below the level of the spillway crest. If suddenly there is turned into this reservoir a flow of 560 cfs, what will 
be the height of water in the reservoir for equilibrium? How long a time will be required for this height to be 
reached? How long a time will be required for the water surface to reach a height of 1 ft above the level of the 
spillway? (Note: This last can be solved by integration after substituting x 3 for z 3 ' 2 and consulting integral tables. 
However, it will be easier to solve it graphically either by plotting and actually measuring the area under the 
curve or by computing the latter by some method, such as Simpson’s rule.) 

# Q = C w Lz 312 , Q„ = 3.50(46)z 3/2 = 161z 3 ' 2 . For equilibrium Q, = Q„ = 560cfs, from which z = (ft?) 2 ' 3 = 2.30ft. 
The time required to reach this equilibrium height is theoretically infinite, but surface ripples and minor 
irregularities in flow cause practical equilibrium to be reached in a finite time. However, this does point out that 
true equilibrium is not quickly obtained. This should be borne in mind in experimental work. The time for the 
water level to reach the spillway crest = 4(700 000)/560 = 5000 s. The time for water level to rise from crest to 
2 ft above it is 


_ r 2 A s dz 

-L, Qi ~ Qo 


700000 


if 


dz 


J 0 560 - 161z 3 


Letting z 3a = x 3 , (l)z 112 dz = 3jc 2 dx and dz = (3x 2 dx)![( |)z 1/2 ] = (3.x 2 dx)![(\)x] = 2x dx. 


x dx 


f = 2(700 000) f 
Jo 

= 1 400 ooo( \ In ~ 1 

V 1680 /L 2.30 4-1. 


/ 560 \1/ 

560 — 161x 3 = 1 400 °°° 3^560) 
(x -1.515) 2 


T, ln [* + (- 

2 111 / 560 \ 2/3 / 

V 161J V 


+ _ 4 - 3 1/2 tan 

) l,3 x+x 2 (— ffr) I/3 3 ,/2 


9v — / 560 \ 1/311*^ 

1 ~~ V 161 / 


4- 3 ,/2 tan -1 


2x4-1.515 


161 / 
ll/2 


- 1 14 

- 0 


515* +x 2 —1.515(3) 1/2 

Total time = 5000 4- 3863 = 8863 s 


- 

- 0 


3863 s 


19.33 Water enters a reservoir at such a rate that the height of water above the level of the spillway crest is 2.5 ft. The 
spillway (Q = C W LH 312 ) is 80 ft long, and the value of C w is 3.45. The area of the water surface for various 
water levels is as follows: 


Z,ft 

ft 2 

2.50 

730 000 

2.00 

620 000 

1.50 

490000 

1.25 

435 000 

1.00 

380 000 


If the inflow is suddenly reduced to 150 cfs, what will be the height of water for equilibrium? How long will it 
take, theoretically, for equilibrium to be attained? How long will it take for the level to drop from 2.5 ft to 1 ft 
above that of the spillway? 
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f Q 0 = 276z 3/2 ; when = Q, = 150 cfs, z = 0.666 ft and the time for equilibrium is theoretically infinite. 

C* 2 A, dz ( A s dz 

"l Q^Q .' j 27fc»-150 (Z geB sraa,ler) 


Z, 

ft 

A z, 

ft 

ft 2 

ft 2 

A,(Az), 

ft 3 

Qo — 276z i/2 , 
cfs 

Qo, 

cfs 

Qo- 150, 
cfs 

A.(Az), 

Qo -150 

2.5 


730 000 



1091 





0.5 


675 000 

337 500 


936 

786 

429 

2.0 


620 000 



781 





0.5 


555 000 

277 500 


644 

494 

562 

1.5 


490 000 



507 





0.25 


463 000 

115 750 


446 

296 

391 

1.25 


435 000 



386 





0.25 


408 000 

102 000 


331 

181 

564 

1.00 


380 000 



276 












E = 1946s 


Total time for z to change from 2.5 ft to 1.0 ft is approximately 1946 s = 32.4 min. 

19.34 Work Prob. 19.33 using the same numbers but changing feet to meters, square feet to square meters, and cubic 
feet per second to cubic meters per second. 

f This problem is solved in the same manner as Prob. 19.33. Q a = 1.84(3.45/3.33)L// 3/2 = 1.906(80)z 3/2 = 
152.5z 3/2 . When Q„ — Q, = 150 m 3 /s, z = (150/152.5) 2 ' 3 = 0.989 m and the time for equilibrium is theoretically 
infinite. Coltimns 2 to 5 are omitted from the following solution table since they are numerically the same as 
those in Prob. 19.33. 



Total time for z to change from 2.5 m to 1.0 m is approximately 6661 s = 111.0 min. 

19.35 Figure 19-9 shows a tank whose shape is the frustum of a cone with a 1.5-ft 2 orifice in the bottom. Assume 

C d = 0.62. If the water level outside the tank is constant at section 2, how long will it take the water level in the 
tank to drop from section 1 to section 2? {Note: Diameter of tank = Ky, and y — z + h 2 , where z is the variable 
distance between surface levels.) 

| D = ky ; k = (39.6 - 18)/34 = 0.635 A, = (jr/9.92 )y 2 ; y = z + h 2 =z+ 28.35; Q„ = C d A(2gz) ,/2 = 
0.62(1.5)(2gz) 1 ' 2 . 

p Adz f° (;t/9.92)(z + 28.35 ) z dz 
Q, - Qo L -(0.62)1.5(2 gz)' 12 
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19.37 



19.36 


Fig. 19-9 

If in Fig. 19-9 the water surface outside the tank is constant at section 1 and the tank is initially empty, how long 
will it take for the water level in the tank to rise from section 2 to section 1? Assume a 1.5-ft 2 orifice with 
C d = 0.62. 

I z = h\=y\y=h\—z = 62.35 - z; Q 0 = C d A(2gz) m = 0.62(1.5)(2 gz) 1 ' 2 . 

(n/ 9.92)(62.35 - zf(-dz) 


l= r A s dz r 
X. Qi ~ Qo J34 


(0.62)1.5(2gz) 1 


- = 1339 s 


A 1-in-diameter smooth brass pipe 900 ft long drains an open cylindrical tank which contains oil having 
p = 1.8 slugs/ft 3 , n = 0.0006 lb-s/ft 2 . The pipe discharges at elevation 80 ft. Find the time required for the oil 
level to drop from elevation 100 ft to elevation 88 ft if the tank is 5 ft in diameter. 

# Check if flow is always laminar. When V = V max , the elevation of oil in the tank is at 100 ft, then 
100 -f(L/D)(V 2 /2g) = 80; i.e., 20 = f(L/D)(V 2 /2g). Assuming laminar flow: / = 64 /N„, N R = DVp/fi. 
Substituting: 20 = (64p/DVp)(L/D)(V 2 /2g), 20 = {64(0.0006)/[(^)V(1.8)]}(900/jL){ V 2 /[2(32.2)]} = 42.9V, 
V = V m „ = 0.466 fps; N Rmax = (^)(0.466)(1.8)/0.0006 = 116.5, N Rmax < 2000, so the flow is always laminar. In 
general, from the above: elev — 80 = 42.9V, V = (elev - 80)/42.9 = /i/42.9 (defining h — elev — 80); Q =AV = 
0.00545(/i/42.9); A, dz = Q, dt - Q a dt, Qdt=-A dh, dt = -6.25tt dh/[0. 00545(^/42.9)] = -154 558 dh/h. 

[dt = — 154558 f ^=-154 558[ln/i]|o t = -154558(2.08 - 3.00) = 141 620s = 39.3 h 
Jo J 20 h 


19.38 


A large reservoir is being drained with a pipe system as shown in Fig. 19-10. Initially, when the pump is rotating 
at 190 rpm, the flow rate is 6.0 cfs. If the pump speed is increased instantaneously to 240 rpm, determine the 
flow rate as a function of time. Assume that the head h p developed by the pump is proportional to the square of 
the rotative speed; that is, h p « n 2 . 

I Initial condition neglecting minor losses: z — h Lf + h p = V 2 /2g, 37 - 0.022( a r e )V 2 /2g + h,, = V 2 /2g, where 
V = Q/A = 6.0/0.785 = 7.64fps, from which h p = 21.7 ft; h’ p = 21.7(f $) 2 = 34.6 ft. 

New conditions: 37 — 63.8(V 2 /2g) + 34.6 = V 2 /2g + (L/g)(dV/dt). Eventually dV/dt = 0, V 2 /2g = 

71.6/64.8 = 1.105 ft, V = 8.44 fps when steady flow is eventually achieved. 

In general: 71.6 — 64.8(V 2 /2 g) = (2900/32.2 )(dV/dt), dt = 89.6 dV 1(11.2 — V 2 ). Integrate the left side from 
zero to t; integrate the right side from 7.64 to V r . Select various V’s and find the corresponding f’s: 



89.6 

16.88 



= 5.31 In 


8.44 + V, 
8.44- V, 


15.93 


V,fps 

t,s 

0 ,cfs 

7.64 

0 

6.00 

7.90 

2.176 

6.20 

8.10 

4.70 

6.36 

8.25 

7.84 

6.48 

8.40 

16.16 

6.60 

8.42 

19.84 

6.61 

8.44 

CO 

6.63 
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19.39 


(a) Repeat Prob. 19.38 with all data the same except use a 24-in-diameter pipe rather than a 12-in pipe. (b) 
Repeat also for the case of a 10-inch-diameter pipe. 


f (a) 24-in pipe: Initial conditions: 37 - 0.022(^)(V 2 /2g) + h„ = V 2 l2g, V = 6.0/3.142 = 1.91 fps; h„ = 
32.9(V 2 /2g) — 37 = —35.1 ft. Thus a pump is not required; actually a head of 35.1 ft is available to drive a 
turbine when the flow rate is 6.0 cfs. 

(6) 10-in pipe: Initial conditions: 37 - 0.022(2900/0.833)(V 2 /2g) + h p — V 2 /2g where V = Q/A = 6.0/[jr(n) 2 ] = 


11.00 fps, h p = n.6(V 2 /2g) - 37 = 108.8 ft; h'„ = 108.8(f|§) 2 = 173.6 ft. 

New conditions: 37 - 76.6(Y 2 /2g) + 173.6 = V 2 /2g + (L/g)(dVfdt). Eventually dV/dt = 0, V 2 /2g 
2.71 ft, V = 13.21 fps when steady flow is eventually achieved. 

In general: 210.6 - 77.6(F 2 /2g) = (2900/32.2)(dV/df), dt = 74.7 dV/(174.8 - V 2 ). 

f‘ ( v ' 74.7 dV 74.7 r 13.21 + Vn v - „ , 13.21 + V, ^ „„ 

V f_<- Jnoo(174.8- Y 2 ) "26.42 l n 13.21-VJ,, o„ ' " 13.21 - V, 


_ 210.6 _ 
— 77.6 — 


V„f)>s 

t,s 

e,cfs 

11.00 

0 

6.00 

12.00 

1.82 

6.54 

13.00 

6.90 

7.09 

13.20 

15.53 

7.20 

13.21 

OO 

7.20 


19.40 Attached to the tank in Fig. 19-11 is a flexible 30-mm-diameter hose (/ = 0.016) of length 72 m. The tank is 

hoisted in such a manner that h = 6 + 0.8t, where h is the head in meters and t is the time in seconds. Estimate 
the flow at t = 9 s. 

f Find steady-state velocity for t = 9 s; then h = 6 + 0.8(9) = 13.2 m, 13.2 — 0.016(72/0.030)(V 2 /2g) = V 2 /2g; 
V = 2.56 m/s at steady state. Now find the effect of changing head. 

Given h = 6 + 0.8<, therefore dh/dt = 0.8 m/s, h - 38.4(V 2 /2g) = V 2 /2g + {L/g)(dV/dt), dh/dt = 

39.4(2V /2g)(dh/dt) + (L/g)(d 1 V/dt 2 ). Neglect the last term (of higher order): 0.8 = 39.4(V /g)(dV / dt)\ 
dV/dt = 0.8g/(39.4V) = 0.0778 m/s per second. Finally, 13.2 = 39.4[V 2 /2(9.81)] + (72/9.81)(0.0778); 39.4V = 
2.51 m/s; Q = 0.001774 m 3 /s, or 1.77 L/s. 



Fig. 19-11 


19.41 Repeat Prob. 19.40 for a 100-mm-diameter hose, all other data remaining the same. 

I Find steady-state velocity for t = 9 s: 13.2 - 0.016(72/0.100)(V 2 /2g) = V 2 /2g\ V = 4.55 m/s. Now find effect 
of changing head: h = 12.52(V 2 /2g) + ( L/g)(dV/dt). Differentiating with respect to t and neglecting the 
higher-order term: dh/dt = 0.8 = \2.52(2V/2g)(dV/dt); dV/dt = 0.8g/(12.52V) = 0.1377 m/s per second. 
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Hence, 

13.2 = 12.52[V 2 /2(9.81)] + (72/9.81)(0.1377) V = 4.37 m/s Q = 0.0343 m 3 /s = 34.3 L/s 

In Prob. 19.40, suppose h was changed instantaneously from 6 m to 13.2 m. Under these conditions, find the 
flow rate at t = 9 s. 

f Initial condition where h = 6 m: 6 - 0.016(72/0.030)(V 2 /2g) = V 2 /2g; V = 1.728 m/s (initially). After head is 
changed to 13.2 m: 13.2 - 39.4(E 2 /2g) + ( L/g)(dV/dt ). Eventually dV/dt = 0, V = 2.56 m/s, 13.2 = 
[39.4/(2)(9.81)]V 2 + (72/9.81 )(dV/dt); 13.2 = 2.008V 2 + 7.34 (dV/dt)-, 6.57 =V 2 + 3.66(dV/dt)- dt = 

3.66 dV/(2.56 2 — V 2 ). 


f'^_( v 3.66 dV 3.66 f, 2.56 + VH v 

L J,. 728 2.56 2 — V 2 5.12 L n 2.56— Vj , 728 


t = 0.715 In 


2.56 + V 
2.56 — V 


1.172 


V, m/s 

t,s 

1.728 

0 

2.1 

0.484 

2.4 

1.283 

2.5 

2.00 

2.56 

00 


For all practical purposes V = 2.00 m/s at f = 9s when Q = (0.000707)2.00 = 0.00141 m 3 /s = 1.41 L/s. 

A 6 -in-diameter pipe of length 3600 ft drains a reservoir. The elevation difference between the reservoir water 
surface and the pipe outlet is 95 ft. The pipe entrance is flush. Initially there is no flow since there is a plug at 
the outlet. The plug is then removed. Tabulate Q versus t, assuming/ = 0.022. 

f L/D = 3600/0.50 > 1000, neglect minor losses, i.e., k L - 0, k = k L +fL/D = 0 + 0.022(3600)/(4) = 158 
V 2 „ = 2g///(l + k) = 2(32.2)95/(1 + 158); steady V„ = 6.20fps. M 

‘ = f L /(! + Wo] In [(F 0 + V)/(V 0 - F)] = [3600/159(6.20)] In [(V 0 + V)/{V„ - V)] 

= 3.65 In [(6.20 + F)/(6.20 - E)] 


V, fps 

M 

g,cfs 

0 . 

0 

0 

1 

1.19 

0.196 

3 

3.85 

0.589 

5 

8.15 

0.982 

5.6 

10.87 

1.100 

6.20 

00 

1.217 


Repeat Prob. 19.43 

I L/D = 360/0.50 
0.5 + 0.022(360)/(£ 


for the case where the pipe length is 360 ft rather than 3600 ft. 

= 900 < 1000, minor losses are not negligible; k L = 0.5 (flush entrance). k = k L +fL/D = 
) = 16.34, V 2 = 2gH/(l + k) = 2(32.2)95/(1 + 16.34); steady V„ = 18.78 fps. 


/ = [L/(l + &)vy| In [(V 0 + V)/(V„ - K)] = [360/17.34(18.78)] In [(F„ + V)/(V 0 - V)] 

= 1.105 In [(18.78 + V)/(18.78 - V)] 


V, fps 

t, s 

g,cfs 

0 

0 

0 

5 

0.603 

0.982 

10 

1.312 

1.963 

15 

2.420 

2.945 

18 

4.258 

3.534 

18.78 

00 

3.687 
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19.45 A 10-cm-diameter pipe of length 400 m drains a reservoir. The elevation difference between the reservoir water 
surface and the pipe outlet is 50 m. Initially there is no flow because a valve at the pipe outlet is closed. The 
valve is suddenly opened; tabulate Q versus t, given / = 0.028. 

f L/D = 400/0.10 > 1000, neglect minor losses, i.e., k L = 0, k = k L + fLID = 0 + 0.028(400)/0.10 = 112, 

V 2 = 2gH/(l + k) = 2(9.81)50/(1 + 112); steady-flow velocity V 0 = 2.95 m/s. 

t = [L/( 1 + k)V a ) In [(V„ + V)/(V 0 - V)] = [400/112(2.95)] In [(V 0 + V)I(V 0 - V )] 

= 1.211 In [(2.95 + V)/(2.95 - V)] 


V, m/s 

t, s 

e,L/ s 

0 

0 

0 

1.0 

0.855 

7.85 

2.0 

1.999 

15.7 

2.3 

2.53 

18.1 

2.6 

3.35 

20.4 

2.8 

4.42 

22.0 

2.9 

5.77 

22.8 

2.95 

GO 

23.2 


19.46 A large water reservoir is drained by a pipeline that consists of 225 ft of 4-in-diameter pipe (/ = 0.028) followed 
by 490 ft of 12-in-diameter pipe (/ = 0.022). The point of discharge is 125 ft below the elevation of the reservoir 
water surface. A valve at the discharge end of the pipe is initially closed. It is then quickly opened. Derive an 
equation applicable to this situation, and tabulate flow rate versus time. Neglect minor losses. 

f h =f x (LjD x )(y\l2g)-f 2 (L 2 ID 2 )(Vl/2g) = V\)2g + ( LJg){dVJdt) + ( L 2 lg)(dV 2 /dt ). By continuity: V, = 
V 2 (D 2 /D,) 2 ; dV x = dV 2 (D 2 / D,) 2 . Eliminate V,: h - [/ ! (L 1 /D 1 )(Z) 2 /D 1 ) 4 +/ 2 (L 2 /D 2 ) + l](Vl/2g) = 

[L,(D 2 /D ,) 2 dV 2 ]/(g di) + ( L 2 lg)(dV 2 /dt ). For steady-state condition when dVJdt = 0 and V 2 = V 20 . Substituting 
known values yields steady-flow V 2 o = 2.28 fps. In general, rearranging: dt = (2[L,(D 2 /D ,) 2 + L 2 ]/[l + 
/,(L,/D,)(D 2 /D 1 ) 4 +f 2 (L 2 /D 2 )]}[dV/(V 2 2 „ - V 2 )]; integrating 

t = {[L,(D 2 /D ,) 2 + L 2 ]/[l +/ 1 (L 1 /D,)(D 2 /D i ) 4 +/ 2 (L 2 /D 2 )]}(1/V 20 ) In [(V 2 „ + V 2 )/(V 2n - V 2 )] 

= 0.7150 In [(2.28 + V 2 )/(2.28 - V 2 )] 


y„fps 

V 2 ,tf>s 

r,s 

0 ,cfe 

0 

0 

0 

0 

11.25 

1.25 

0.88 

0.98 

13.50 

1.5 

1.13 

1.18 

15.75 

1.75 

1.45 

1.37 

18.00 

2.0 

1.95 

1.57 

19.80 

2.20 

2.88 

1.73 

20.52 

2.28 

CO 

1.79 


19.47 A 12-in-diameter pipe (/ = 0.022) of length 360 ft is connected to a reservoir. Entrance losses are negligible. At 
the discharge end of the pipe is a nozzle that produces a 4.8-in-diameter jet. The elevation difference between 
the jet and the water surface in the reservoir is 52 ft. The nozzle has a coefficient of velocity of 0.95. Initially, 
there is a tight-fitting plug in the nozzle, which is then removed. For this situation derive an equation and 
tabulate flow rate versus time. Assume that the liquid level in the reservoir does not drop. 

f h - k(V 2 /2g) - [(1/C 2 ) - 1][1 - (D,/D) 4 ](V 2 /2g) = (F 2 /2g) + (L/g)(dV/dt). But V t = V(A/A,) = V(D/D,) 2 , 
so h = C(V 2 /2g) + ( L/g)(dVldt ), where C =k+ (D/D,) 4 {1 + [(1/C^.) - 1][1 - (D^D) 4 ]}. For steady-state 
conditions when dV/dt = 0 and V = V 0 : h = CV„/2g, or V (l = ( 2gh/C)' a . Eliminating h between the above two 
equations and rearranging: dt = (2 L/C)[dV/(Vl - V 2 )] and integrating t = (L/CV 0 ) In [(V 0 + V)/(V 0 - V)]. 
Given k L = 0: k = 0 + 0.022(360 )/{%) = 7.92. Given C v = 0.95 and D/D, = ^: C = 50.4, V 0 = 

[2(32.2)52/50.4] 1,2 = 8.15 fps, t = [360/50.4(8.15)] In [(F 0 + F)/(V„ - F)] = 0.876 In [(8.15 + V)/(8.15 - V )]. 
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^,fps 

V, fps 

t,s 

Q,cfs 

0 

0 

0 

0 

12.5 

2 

0.439 

1.57 

25.0 

4 

0.941 

3.14 

37.5 

6 

1.65 

4.71 

50.0 

8 

4.10 

6.28 

50.6 

8.1 

5.07 

6.36 

50.9 

8.15 

00 

6.40 


19.48 


An open tank containing oil (s = 0.85, p = 0.0005 lb-s/ft 2 ) is connected to a 3-in-diameter smooth pipe of length 
3800 ft. The elevation drop from the liquid surface in the tank to the point of discharge is 19 ft. A valve on the 
discharge end of the pipe, initially closed, is then opened. Tabulate the ensuing flow rate versus time. 


I L/D = 3800/(n) = 15 200 > 1000, neglect minor losses. Assume laminar flow, neglect velocity head: 
h L = 19 = 32 (p/y)(L/D 2 )V, V = 19(0.85)(62.4)(0.25)7[32(0.0005)(3800)] = 1.036fps, N R = DVp/p = 

0.25(1.036)(0.85)(1.94)/0.0005 = 854. N R < 2000, therefore flow is laminar, assumption was O.K. Assuming the 
velocity head is negligible: h - 32(p/y)(L/D 2 )V = (L/g)(dV/dt), or h - aV = / 8{dV/dt), where a = 

32 (p/y)(L/D 2 ) = 32(0.0005)3800/[(0.85)(62.4)(0.25) 2 ] = 18.3 and j 8 = L/g = 3800/32.2 = 118. 

PdV dV 


dt = 


h-aV (h/p)-(a-!p)V 


t = ^k ln [(J)" (f ) F ] 0 = ~ 6 ' 45ln [01610-0.155^ = -6.45In = “6-45ln(l-0.963T) 


V, fps 

t,s 

e,cfs 

0 

0 

0 

0.20 

1.38 

0.0098 

0.40 

3.14 

0.0196 

0.60 

5.56 

0.0295 

0.80 

9.49 

0.0393 

1.00 

21.26 

0.0491 

1.036 

00 

0.0509 


Check neglect of velocity head: (V 2 /2g)/h, = (V 2 /2g)/aV = V/(2ga) = V/1179. As V varies from 0 to 1.036, 
(V 2 /2g)/h L varies from 0 to 0.000877; therefore V 2 /2g < 0.022 percent of h L , and velocity head is negligible. 

19.49 An open tank containing oil (s = 0.82, v = 0.002 m 2 /s) is connected to a 125-mm-diameter pipe of length 470 m. 
The oil surface in the tank is 3.5 m above the pipe outlet. A valve at the end of the pipe, initially closed, is 
suddenly opened. Plot the ensuing flow rate as a function of time. 

f L/D = 470/0.125 = 3760 > 1000, neglect minor losses. Assuming laminar flow for h L , H — 32v(L/gD 2 )V = 

C L/g)(dV/dt)-, 3.5 - 32(0.002)[470/9.81(0.125) 2 ]V = (470/9.81)(rfVM), 3.5 - 196V = 47.9 dV/df, dt = 

(47.9 dV)/( 3.5 — 196V) = (13.69 dV)/( 1 — 56.00V). For steady-state conditions when dV/dt — 0 and V = V 0 : 

3.5 — 196V, = 0; steady-flow velocity V, = 0.01786 m/s. Integrating: 

t = -(13.69/56.00)[ln (1 - Sb.OOV)]^ = -0.2445 ln (1 - 56.00V) 


V, m/s 

t,s 

Q,U s 

0.001 

0.014 

0.0123 

0.002 

0.029 

0.0245 

0.005 

0.080 

0.0614 

0.010 

0.201 

0.123 

0.015 

0.448 

0.184 

0.017 

0.742 

0.209 

0.01786 

00 

0.219 


(N R )max = (0.125)0.01786/0.002 = 1.12. N R <2000, so flow is laminar (as assumed) and answers are valid. 
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19.50 Find the celerity of a pressure wave in benzene (s.g. = 0.90, E v = 150 000 psi) contained in a 9-in-diameter steel 
pipe having a wall thickness of 0.300 in. 

I c = ( EJp) 112 = [(150 000)(144)/(0.9)(1.94)] 1/2 = 3520 fps 

c p = c/Vl + (D/t)(E v /E) = 3520/{l + (9/0.300)[150000/(30 x 10 6 )]} 1/2 = 3282 fps 

19.51 (a) What is the celerity of a pressure wave in a 4.5-ft-diameter water pipe with 0.4-in steel walls? (ft) If the pipe 
is 3750 ft long, what is the time required for a pressure wave to make the round trip from the valve? 

f (a) c = 4720 fps in water 

c p = c/Vl + (D/t)(E„IE) = 4720/(1 + [(4.5)(12)/0.4][300 000/(30 x 10 6 )]} 1 ' 2 = 3079 fps 
(ft) T r = 2 Llc p = 2(3750)/3079 = 2.44 s 

19.52 In Prob. 19.51, (a) if the initial water velocity is 7 fps, what will be the rise in pressure at the valve if the time of 
closure is less than the time of a round trip? (ft) If the valve is closed at such a rate that the velocity in the pipe 
decreases uniformly with respect to time and closure is completed in a time t c = 5L/c P , approximately what will 
be the pressure head at the valve when the first pressure unloading wave reaches the valve? 

I (a) p — (y/g)c p V = (62-.4/32.2)(3079)7 = 41767 psf = 669 ft 

(ft) If velocity changes uniformly from 7.0 fps to 0 in time 5L/c p , the change in V in t' = T r = 2 L/c p is 
(|)7.0 = 2.80 fps. Ap '/y = c p A V/g = 3079(2.80)/32.2 = 268 ft. 

19.53 For the situation depicted in Prob. 19.27, find the water-hammer pressure at the valve if a flow of 75 cfs is 
reduced to 20 cfs in 3.2 s. Under these conditions what would be the maximum water-hammer pressures at 
points 600 ft and 1600 ft from the reservoir? 

I Ap( = ( TJt c )(Ap h ), V , = 151 An = 5.97 fps, V 2 = 20/4;r = 1.592 fps, AV = 4.38fps over 3.2s; A p h = 
pc p (AV) = 1.94(3200)(4.38) = 27 200 psf for instantaneous drop in flow rate. T r = 2 L/c p = = 1.250 s. At 

valve: A p' h = (1.25/3.2)(27 200) = 10 625 psf = 73.8 psi. 

600 ft from reservoir: A p' h - ( 3555 ) 73.8 = 22.1 psi. 

1600 ft from reservoir: A p' h = Ggg§)73.8 = 59.0 psi. 

19.54 Water is flowing through a 35-cm-diameter welded steel pipe (/ = 0.014) of length 2300 m that drains a reservoir 
under a head of 50 m. The pipe has a thickness of 9 mm. If a valve at the end of the pipe is closed in 9 s, 
approximately what water-hammer pressure will be developed? 

I h f = (f)(L/D)(V 2 /2g) 50 = 0.014(2300/0.35) V 2 /2g V = 3.26 m/s 

p' h = 2 LVplt c = [2(2300)3.26(1000)/9] = 1.667 MPa . 

19.55 In Fig. 19-12, the total length of pipe is 9800 ft, its diameter is 30 in, and its thickness is § in. Assume 

E = 30 000 (XX) psi and E v = 300 000 psi. If the initial velocity for steady flow is 8 fps and the valve at G is 
partially closed so as to reduce the flow to half of the initial velocity in 3 s, find (a) the maximum pressure rise 
from the water hammer; (ft) the location of the point of maximum total pressure. 

f (a) c = 4720 ft/s c„ = c/Vl + (D/t)(E v /E) = 4720/[l + (30/|)(300 000/30 000 000)] 1,2 = 3880 fps 
A p = (y/g)c p (AV) = (62.4/32.2)( 3 fjf )4 = 209 psi or 482 ft 

(ft) x 0 = c p tj 2 = 3880(3)/2 = 5820ft. Thus water-hammer pressure rise, at B: A p = 209((sal) = 64.6psi; at E: 
Ap = 209(100 percent) = 209 psi. Total pressure = static pressure plus water hammer. Total pressure at 
B: p/y = 100 + 64.6(144/62.4) = 849 ft; at E: ply = 100 + 209(144/62.4) = 582 ft. Maximum total 
pressure occurs at point B. 

19.56 Refer to Fig. 19-12, but take all the dimensions given in feet to be in meters instead. This 9.8-km-long pipe has 
a diameter of 1.4 m and a wall thickness of 30 mm. Assume E = 200 GPa and E v = 2 GPa. The initial 
steady-flow velocity is 5 m/s. The valve at G is then partially closed so as to reduce the velocity to 1 m/s in 9 s. 
Find (a) the maximum pressure rise due to water hammer, and (ft) the location of the point of maximum total 
pressure. 
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Fig. 19-12 


I (a) c p = 1440 m/s c p = c/Vl + (D/t)(E v /E) = 1440/[1 + (^(A)]” 2 = 1189 m/s 

Ap=pc p AV = 1000(1189)4 = 4.756 MPa 

(b) x n = c p tj 2 = 1189(9)/2 = 5350 m. Thus water-hammer pressure rise, at B: Ap = 4.756(;‘fgS) = 1.600 MPa, 
or 163.4 m; at E: Ap = 4.756 MPa or 486 m. Total pressure = static pressure plus water-hammer 
pressure. Total pressure at B: ply = 700 m + 163.4 m = 863.4 m; at E: ply = 100 m + 486 m = 586 m. 
Maximum total pressure occurs at point B. 

19.57 Derive the equation V 2 = (2gAD 2 /LA,f 2 )[l — (fAjAD)z] - Ce~ (fA,/AD>z , which expresses the relationship 
between velocity in a pipe and water-surface level in a tank over an interval from valve closure to the top of the 
first surge. 

# Write dV/dt as (dV/dz)(dz/dt) in 0 — f(L/D)(V 2 /2g) = z + ( L/g)(dV/dt ) and substitute for dz/dt from 
AV = A s (dz/dt)- 0 - (fL/D)(V 2 /2g) = z + (L/g)(dV/dz)(AV/A s ) or z+ (fL/2gd)V 2 + 
(LA/2gA s )[(2VdV)/dz] = 0. Define K =fL/2gD ; M = (L/2g)(A/A s ); and V 2 = xso that 2 VdV = dx. This 
gives z + kx + (Mdx)/dz = 0 or dx/dz + (K/M)x + (1 /M)z = 0. Now define <x — K/M, p = IIM; then 
dx/dz + aZ + ftz = 0. Multiply by e“ z : ( dx/dz)e“ z + otxe az + fize a = 0, i.e., d/dz(xe“ z ) + e az f}z = 0 or d(xe“ z ) + 
e“ z pz dz = 0. Integrate: / d(xe az ) + f e az fiz dz = 0, xe az + p(e“ z /<x 2 )(acz - 1) + C = 0 or x = (j8/ar 2 )(l - arz) - 
Ce~* z . But p/a 2 = M/K 2 = 2gAD 2 /LA,f 2 , a - K/M -fAJAD, and x = V 2 ; therefore V 2 = 

(2gAD 2 /LA s f 2 )[l - (fA,/AD)z] - Ce < /A ’ ,AD)z . 

19.58 A 36-in steel pipe 3300 ft long supplies water to a small power plant. What height would be required for a 
simple surge tank 7 ft in diameter situated 59 ft upstream from the valve at a point where the centerline of the 
pipe is 100 ft below the water surface in the reservoir if the tank is to protect against instantaneous closure of a 
valve at the plant? The valve is 130 ft below reservoir level, and the discharge is 140 cfs. Take f = 0.014. The 
surge tank is not to overflow. Neglect all velocity heads and minor losses; in the surge tank (only) neglect fluid 
friction and inertial effects. 

f V 2 = (2gAD 2 /LAJ 2 )[\ - (fAjAD)z] - Ce~ (fA ’ IAD>z 

= [2(32.2)/3241](|) 2 (3/0.014) 2 [1 - (0.014/3)(i) 2 z] - Ce" <00I4/3M7/3)2z = 168(1 - 0.025z) - CtT 0 025 * 

First find the constant of integration C, from initial (steady) conditions, when Q t = 140 cfs, Vi = Q\/A = 
140/[(zr/4)3 2 ] = 19.8 fps, and -z, = (fLlD)(V 2 J2g) = (0.014)(^ i )19.8 2 /[(2)(32.2)] = 92.1 ft. Substituting these 
values 19.8 2 = 168[1 — 0.025(-92.1)] — Ce~° ■ 023(_92 ’ 1) , from which C = 16.3. For the first surge, z = z max when 
V = 0, so 168(1 — 0.025z ma „) — 16.3e' 0 02! " m *\ [Note: The last (3rd) term is always negative. For a positive middle 
(2nd) term we need 0.025z max < 1, i.e., z maJI < 1/0.025 = 40.] By trial and error: z max = 37.5 ft. Required height of 
surge tank = (100 + 37.5) = 137.5 ft. 

19.59 Repeat Prob. 19.58 for the case where the surge tank is to have a diameter of 11 ft. 

f Following the procedure of Prob. 19.58: V 2 = 67.87(1 — 0.0627z) — Ce~ 00627z . From initiai (steady) 
conditions: z, = —92.1 ft, C = 0.211. (Note the large change in C from Prob. 19.58.) For the first surge, we need 
0.0627z max < 1, i.e., z max < 15.95 ft. By trial and error: z max = 15.93 ft. Required height of surge tank = 

(100+15.93) = 115.9 ft. 

19.60 Using the data of Prob. 19.58, find the diameter of a surge tank that will produce a surge requiring a tank height 
of 145 ft. 

I As in Prob. 19.58 for initial (steady) conditions: V, = 19.8 fps, z, = —92.1 ft. Substituting these and other 
known values into V 2 = (2gAD 2 /LAJ 2 )[\ - (fAJAD)z] - Ce (fAl ' AD)z , while writing A/A s as ( D/D s ) 2 : 

19.8 2 = 8212/Dj + 392 - Ce (l 0478O? , that is, 


0 = 8212/# - Ce° 0478Z * 


(1) 
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When z = z max = 145 - 100 = 40 ft, V = 0; substituting these and other known values 

0 = 8212/D? - 168 - Ce- 003mDi (2) 

Eliminating the unknown C between Eqs. (I) and (2): 1 — 0.0205D? = e - a0695£ # By trial and error: D s = 6.85 ft. 

19.61 A 0.95-m-diameter steel pipe (/ = 0.015) of length 1100 m carries drinking water from a reservoir. What height 
would be required for a simple surge tank 3.2 m in diameter situated 11 m upstream from the valve at a point 
where the centerline of the pipe is 38 m below the water surface in the reservoir? Assume instantaneous closure 
of the valve. The valve is 48 m below reservoir level and the flow is 3.4 m 3 /s. The surge tank is not to overflow. 
Neglect all velocity heads and minor losses; in the surge tank (only) neglect fluid friction and inertial effects. 

I V 2 = (2gAD 2 /LA, f 2 )[l - (fAJAD)z] - Ce" (/ ^ MD)I 

= [2(9.81)/1089](0.95/3.2) 2 (0.95/0.015) 2 [1 - (0.015/0.95)(3.2/0.95) 2 z] - c e - <0015/095>(3 2A)95)22 
= 6.37(1 - 0.1792z) - Ce° 17922 

First, find the constant of integration C from initial (steady) conditions when Q x = 3.4 m 3 /s, V, = QJA = 
3.4/[(?r/4)0.95 2 ] = 4.80 m/s, and -z, = (fL/D)(V 2 /2g) = (0.015)(1089/0.95)4.80 2 /[(2)(9.81)] = 20.19 m. 
Substituting these values, 4.80 2 = 6.37[1 - 0.1792(—20.19)] — Ce~ 0 ' 792< ~ 20 l9) , from which C = 0.1712. For the 
first surge, z = z max when V = 0, so 0 = 6.37(1 — 0.1792z max ) — O.1712e 017922m “. [Note: The last (3rd) term is 
always negative. For a positive middle (2nd) term we need 0.1792z max < 1, i.e., z max < 1./0.1792 = 5.58 m.] By 
trial and error: z max = 5.52 m. Required height of surge tank = 38 + 5.52 = 43.52 m. 

19.62 A 1.5-m-diameter sluice (/ = 0.018) 980 m long carries water from a dam. When the outlet valve is closed 
instantaneously, water rises in a 2-m-diameter surge tank immediately adjacent to the outlet valve. Determine 
the maximum allowable initial discharge Q so that the resulting surge will not rise more than 9 m above the 
reservoir water surface. Neglect all velocity heads and minor losses; in the surge tank (only) neglect fluid 
friction and inertial effects. 

I V 2 = (IgAD 1 1LAJ 2 )[\ - (fA s IAD)z] - Ce" (/ ' , ’ MD)2 

= [2(9.81)/980](1.5/2) 2 (1.5/0.018) 2 [1 - (0.018/1.5)(2/1.5) 2 ] - c<T <0 018/1 ' 5)<2/1 - 5)2 * 

= 78.2(1 - 0.0213z) - Ce ° 02132 

For the first surge, z = z max = 9 m when V = 0, so 0 = 78.2[1 - 0.0213(9)] - Ce- 0 0213<9) ; from which C = 76.6. For 
the initial conditions, when V = steady-flow velocity = Vj, z, = —h, = —(fL/D)(V 2 /2g). Substitute this 
expression for z x for V 2 , and simplify: V] = B[\ + (V 2 /B)\ — Ce v ' IB , where B = 78.2, B = Ce v ' IB or In (B/C) = 
V 2 JB, V, = [B In (B/C)] 1/2 = [78.2 In (78.2/76.6)] 1/2 = 1.271 m/s. So Q = AV = (w/4)(1.5) 2 (1.271) = 2.25 m 3 /s. 




CHAPTER 20 

Pumps and Fans 

20.1 A pump delivers 0.300 m 3 /s against a head of 200 m with a rotative speed of 2000 rpm. Find the specific speed. 

I N s = 51.64iV<2° 5 /// 075 = (51.64)(2000)(0.300)° 7200° 75 = 1064 

20.2 A pump delivers 0.019 m 3 /s against a head of 16.76 m with a rotative speed of 1750 rpm. Find the specific speed. 

I N s = 51.64NQ 0 5 /H 07S = (51.64)(1750)(0.019)° 716.76° 75 = 1504 

20.3 A radial-flow pump must deliver 2000 gpm against a head of 950 ft. Find the minimum practical rotative speed. 

I N s — NQ 0S /H°' 75 . From Fig. A-40, it is apparent that the minimum practical specific speed for a radial-flow 
pump is about 500. Hence, 500 = (A)(2000)° s /950° 75 , N = 1913 rpm. 

20.4 A radial-flow pump must deliver 300 gpm against a head of 30 ft. Find the operating rotative speed. 

I N s = NQ 05 /H°' 75 . From Fig. A-40, N s = 2500 for maximum efficiency of 92.5 percent for a radial-flow pump. 
Hence, 2500 = (A0(300)° 730° 75 , A = 1850 rpm. 

20.5 An axial-flow pump is to be operated at a rotative speed of 2500 rpm against a head of 400 m. What flow rate 
will be delivered by the most efficient pump? 

f From Fig. A-40, it is apparent that the most efficient axial-flow pump has a specific speed of around 12 500. 
N s = 51.64M2 0 7H° 7S , 12 500 = (51.64)(2500)( Q )°7400° 75 , Q = 75.0m 3 /s. 

20.6 A mixed-flow pump is to be operated at a rotative speed of 1500 rpm against a head of 15 m at maximum pump 
efficiency. Determine the flow rate the pump will deliver. 

f From Fig. A-40, it is apparent that the most efficient mixed-flow pump has a specific speed of around 6500. 
N, = 51.64NQ 0 5 /H° 75 , 6500 = (51.64)(1500)(2)° 715° 75 , Q = 0.409 m 3 /s. 

20.7 A radial-flow pump operating at maximum efficiency is to deliver 260 gpm against a head of 129 ft at a rotative 
speed of 2100 rpm. Find the required number of stages (i.e., impellers). 

f From Fig. A-40, it is apparent that maximum efficiency for a radial-flow pump is about 93 percent at a 
specific speed of 2500. N s = NQ 0 5 IH° 1S , 2500 = (2100)(260)°7tf° 75 , H = 32.29 ft. Since the given head is 129ft, 
a total of 129/32.29, or 4 stages will be needed. 

20.8 A radial-flow pump operating at maximum efficiency is to deliver 400 gpm against a head of 191 ft at a rotative 
speed of 1920rpm. Find the required number of stages (i.e., impellers). 

f From Fig. A-40, it is apparent that maximum efficiency for a radial-flow pump is about 93 percent at a 
specific speed of 2500. N s = NQ 05 /H°- 75 , 2500 = (1920)(400)° S /H° 75 , H = 38.18 ft; number of stages = 
191/38.18 = 5. 

20.9 The value of (NPSH) min for a pump is given by the manufacturer as 20 ft. Water is being pumped from a 
reservoir at a rate of 25 cfs. The water level in the reservoir is 6.0 ft below the pump. Atmospheric pressure is 
14.7 psia and water temperature is 40 °F. If the total head loss in the suction pipe is 4.0 ft, is the pump safe from 
cavitation effects? 

I NPSH = p A jy - z s — h L — Pv /y= (14.7)(144)/62.4 - 6.0 - 4.0 - 18.5/62.4 = 23.6 ft 

Since [NPSH = 23.6] > [(NPSH) mi „ = 20], cavitation should not be a problem. 

20.10 The (NPSH) rain for a pump is given by the manufacturer as 7.0 m. This pump is being used to pump water from 
a reservoir at a rate of 0.2832 m 3 /s. The water level in the reservoir is 1.280 m below the pump. Atmospheric 
pressure is 98.62 kN/m 2 and water temperature is 20 °C. Assume total head loss in the suction pipe is 1.158 m of 
water. Determine whether or not the pump is safe from cavitation effects. 
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I NPSH = pjy — z s — h L -pjy = 98.62/9.79 - 1.280 - 1.158 - 2.34/9.79 = 7.40 m 

Since [NPSH = 7.40 m] > [(NPSH) min = 7.0 m], cavitation should not be a problem. 

20.11 A commercial pump is operating at 2150 rpm and delivers 1800 gpm against a head of 340 ft. Find the 
approximate efficiency of the pump. 

I N s = NQ^/H 075 = (2150)(1800)° 7340° 75 = 1152 

From Fig. A-41, with N s = 1152 and Q = 1800 gpm, the approximate efficiency of the pump is determined to be 
82 percent. 

20.12 A pump operating at 1600 rpm delivers 0.189 m 3 /s against a head of 47.03 m. Determine the approximate 
efficiency of the pump. 

f N, = 51.64AQ 0 7H 0 ' 75 = (51.64)(1600)(0.189)° 747.03° 75 = 2000 

From Fig. A-41, with N s = 2000 and Q = 0.189 m 3 /s, the approximate efficiency of the pump is determined to be 
87 percent. 

20.13 A centrifugal pump with a 700-mm-diameter impeller runs at 1800 rpm. The water enters without whirl, and 
a 2 = 60°. The actual head produced by the pump is 17 m. Find its hydraulic efficiency when V 2 = 6 m/s. 

I The theoretical head is H = (u 2 V 2 cos oc 2 )/g = [( i i e )(2^)(^)/2](6)(cos 60°)/9.807 = 20.18 m, 
e h = 17/20.18 = 0.842, or 84.2 percent. 

20.14 A centrifugal water pump has an impeller (Fig. 20-la) with r 2 = 12 in, r, = 4 in, fi, = 20°, p 2 = 10°. The impeller 
is 2 in wide at r = r, and | in wide at r = r 2 . For 1800 rpm, neglecting losses and vane thickness, determine (a) 
the discharge for shockless entrance when or, = 90°, (6) a 2 and the theoretical head H, (c) the horsepower 
required, and (d) the pressure rise through the impeller. 

f (a) The peripheral speeds are u 2 = = 62.8 ft/s, u 2 = 3m, = 188.5 ft/s. The vector diagrams are 

shown in Fig. 20-16. With u, and the angles a u /3, known, the entrance diagram is determined, 

V, = m, tan 20° = 22.85 ft/s; hence, Q = 22.85(jr)(|)(£) = 7.97 cfs. 

(6) At the exit the radial velocity V n is V r2 = 7.97(12)/[2jr(0.75)] = 20.3 ft/s. By drawing u 2 (Fig. 20-16) and 
a parallel line distance V r2 from it, the vector triangle is determined when /3 2 is laid off. Thus, 
v u2 = 20.3 cot 10° = 115 ft/s, V u2 = 188.5 - 115 = 73.5 ft/s, or 2 = tan" 1 (20.3/73.5) = 15°26', V 2 = 20.3 esc 15°26' = 
76.2ft/s; H = (u 2 V 2 cos ar 2 )/g = u 2 VJg = 188.5(73.5)/32.2 = 430ft. 

(c) Power = QyW 550 = [7.97(62.4)(430)]/550 = 338 hp 

id) By applying the energy equation from entrance to exit of the impeller, including the energy H added 
(elevation change across impeller is neglected), H + (V 2 J2g) + (pjy) = {V\/2g) + (p 2 ly) and (p 2 — p t )ly = 

430 + (22.85764.4) - (76.2764.4) = 348 ft or p 2 -p, = 348(0.433) = 151 psi. 



Fig. 20-1 
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20.15 


20.16 


20.17 


r a , = 90° 

0 " 


u , = 62.8 


Entrance 



(b) 


Exit 


Fig. 20-1 


( continued ) 


Tests of a pump model indicate a a c of 0.10. A homologous unit to be installed at a location where p a = 90 kPa 
and p v = 3.5 kPa is to pump water against a head of 25 m. The head loss from suction reservoir to pump 
impeller is 0.35 N-m/N. What is the maximum permissible suction head? 

I o' = V 2 J2gH = {p a -p v - yz s + h,)/ yH 

z s = [{p a - p v )/y] - a'H + h, = [(90 000 - 3500)/9806] - 0.10(25) + 0.35 = 6.67 m 


A prototype test of a mixed-flow pump with a 72-in-diameter discharge opening, operating at 225 rpm, resulted 
in the following characteristics: 


H, ft 

g, cfs 

e, % 

H,tt 

Q, cfs 

e, % 

H,tt 

Q, cfs 

e, % 

60 

200 

69 

47.5 

330 

87.3 

35 

411 

82 

57.5 

228 

75 

45 

345 

88 

32.5 

425 

79 

55 

256 

80 

42.5 

362 

87.4 

30 

438 

75 

52.5 

280 

83.7 

40 

382 

86.3 

27.5 

449 

71 

50 

303 

86 

37.5 

396 

84.4 

25 

459 

66.5 


What size and synchronous speed (60 Hz) of homologous pump should be used to produce 200 cfs at 60-ft head 
when operating at highest efficiency? Find the characteristic curves for this case. 

I Subscript 1 refers to the 72-in pump. For best efficiency //, = 45, Q t = 345, e = 88 percent. H/N 2 D 2 = 

Q/ND 3 = Q/N X D\, or 60/N 2 D 2 = 45/[225 2 (72 2 )], 200/ ND 3 = 345/[225<72 3 )]. After solving for N and 
D, N = 366.7 rpm, D — 51.0 in. The nearest synchronous speed (3600 divided by number of pairs of poles) is 
360 rpm. To maintain the desired head of 60 ft, a new D is necessary. When its size is computed, 

D = V§(^)(72) = 52 in, the discharge at best efficiency is Q = Q,ND 3 /N 1 D 3 , = 345(§||)(f§) 3 = 208 cfs, which is 
slightly more capacity than required. With N = 360 and D = 52, equations for transforming the corresponding 
values of H and Q for any efficiency can be obtained: H = H^ND/ JV,0,) 2 = H,[(^§)(^|)] 2 = 1.335//, and 
Q — Q\(ND 3 /N x D\) = {2i(§§)(?§) 3 = 0.603(7,. The characteristics of the new pump are 


H,tt 

Q, cfs 

e, % 

H,tt 

2, cfs 

e, % 

H, ft 

Q, cfs 

e, % 

80 

121 

69 

63.5 

200 

87.3 

46.7 

248 

82 

76.7 

138 

75 

60 

208 

88 

43.4 

257 

79 

73.4 

155 

80 

56.7 

219 

87.4 

40 

264 

75 

70 

169 

83.7 

53.5 

231 

86.3 

36.7 

271 

71 

66.7 

183 

86 

50 

239 

84.4 

33.4 

277 

66.5 


The efficiency of the 52-in pump might be a fraction of a percent less than that of the 72-in pump, as the 
hydraulic radii of flow passages are smaller, so that the Reynolds number would be less. 


Develop a program for calculating homologous pump characteristics and apply it to Prob. 20.16. 

■ IO REM H0MOL060US CHARACTERISTICS 

20 OEFINT Is DIM HI(20),OI<201,E<20>,H(20),Q(20) 

30 FOR I«I TO I3l READ Hid): NEXT I 

40 DATA 60.,57.5,55.,52.5,50.,47.5,45. ,42.5.40..37.5,35.,32.5,30..27.5,25. 

50 LPRINT:LPRINT M H1;s FOR 1=1 TO 15:LPRINT USING "#*.* ";Hl(I>js NEXT IsLPRINT 
60 FOR 1=1 TO 15s READ 01(I)s NEXT I 

70 DATA 200.,226.,256.,280.,303.,330. , 345. ,362. ,382.,376.,411.,425. ,438. .449. ,45 
9. 

80 LPRINT:LPRINT"Q-“ j: FOR 1=1 TO 15: LPRINT USING"###.# “ ; 01< I) :: NEXT IsLPRINT 
90 FOR 1=1 TO 15s READ E(I)s NEXT I 

IOO DATA 69. ,75. ,80. ,03.7,86.,87.3,88.,87.4,86.3,84.4,82.,79.,75.,71..66.5 
110 LPRINT:LPRINT-E»"SI FOR 1=1 TO 15s LPRINT USING"##.# ";E(I);s NEXT IsLPRINT 
120 EE-0!« FOR 1 = 1 TO 15s IF E<I)>EE THEN !I = I: EE=E<I>: NEXT I 
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130 LPRINT”IIIf EE 

140 READ HH,QQ,NSYN,D1.N1* DATA 60.,200.,3600.,72.,225. 

150 LPRINT”HH, QQ, NSYN, D1,N1=" ; HH; QQ; NSYN; D1; N1 

160 D«((Q0/Q1(II))~2*Hi<11)/HH)~.25*Dls N=N1*SQR(HH/H1 <11 ) ) *D1/D 
170 LPRINT”D,N-”;D;N: I-FI X(NSYN/N) 

ISO NN1-FIX(NSYN/I>: NN2-FI X (NSYN/ < I ♦ 1) ) : LPRINT"N, NN1. NN2=" ; Nj'NNl; NN2 
190 IF (NNl-NX (N-NN2) THEN N=NN 1 ELSE N-NN2 

200 D*D1 *N1 tSQR (HH/H1 ( II) ) /N: QQ* (D/Dl ) ~3*Nt0l (1 1 ) /N1 s LPR I NT " D. N, QQ* “ ; D ; N ; QQ 

210 C1»(N*D/(Nl*Di> >~2: C2-(D/Dl) ~3#N/N1 

220 FOR 1-1 TO 15s H<I)-CltHl(I)s Q(1)-C2*Q1(I>: NEXT I 

230 LPRINTs LPRINT”H»"j : FOR 1-1 TO 15: LPRINT USING" ##•.#**; H (I); s NEXT I: LPRINT 
240 LPRINT"Q«"}s FOR I»1 TO 15: LPRINT USING" ###.#”; Q (I>;s NEXT Is LPRINT 

H1*60.0 57.5 55.0 52.5 50.0 47.5 45.0 42.5 40.0 37.5 35.0 32.5 30.0 27.5 25.0 

Q=200.O 228.0 256.0 280.0 303.0 330.0 345.0 362.0 382.0 396.0 411.0 425.0 438.0 
449.0 459.0 

E-69.0 75.0 BO.O 83.7 86.0 87.3 88.0 87.4 86.3 84.4 82.0 79.0 75.0 71.0 66.5 
I I,E(I)- 7 88 

HH,QQ, NSYN ,D1,N1 * 60 200 3600 72 225 

D,N= 51.01563 366.6749 

N,NN1,NN2* 366.6/49 400 360 

D, N. QQ= 51.96153 360 207.4853 

H- BO. O 76.7 73.3 70.0 66.7 63.3 60.0 56.7 53.3 50.0 46.7 43.3 40.0 

36.7 33.3 

Q= 120.3 137.1 154.0 168.4 182.2 198.5 207.5 217.7 229.7 238.2 247.2 255.6 263.4 
270.0 276.0 

20.18 Develop the characteristic curve for a homologous pump of the series of Prob. 20.16 for 21-in-diameter 
discharge and 1600 rpm. 

f Q = (2i(N/N,)(D/D,) 3 = e,lr(1.75/6) 3 = 0.176 Q, 

H = H^ND/N.D,) 2 = H,[(1600)(1.75)/(225)(6)] 2 = 4.30H, 


Hi 

H 

Qi 

Q 

60 

258 

200 

35.2 

55 

236 

256 

45.1 

50 

215 

303 

53.3 

45 

194 

345 

60.7 

40 

172 

382 

67.2 

35 

150 

411 

72.3 

30 

129 

438 

77.1 

25 

108 

459 

80.8 


See curve plotted in Fig. 20-2. 



20.19 Determine the size and synchronous speed of a pump homologous to the 72-in pump of Prob. 20.16 that will 
produce 2.5 m 3 /s at 90-m head when operating at highest efficiency. 

I Q/ND 3 = QjNiD 2 Q, = 2.5/0.3048 3 = 88.3 cfs H, = 90/0.3048 = 295.3 ft 

N,D] = ( QJQ)ND 3 = (88.3/345)(225)(H) 3 = 12 439 H/N 2 D 2 = HJN\D\ 

N]D\ = ( HJH)N 2 D 2 = (295.3/45)(225) 2 (t1) 2 = 11959 650 




H (m) 
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D, = 1.897 ft, or 22.76 in, and /V, = 1822 rpm. Use N = 1800 rpm (one pair of poles). Then, D, = 
VHjH(N/N,)D = V295.3/45(t®i)(6) = 1.92 ft. 

20.20 Sketch the head versus discharge curve for a centrifugal pump (Fig. 20-la) having r, = 55 mm, r 2 = 110 mm, 
b x = 27.5 mm, b 2 = 22 mm, N = 1300 rpm, and p 2 = 33°. 

I H = u\/g - [(u 2 Q cot /S 2 )/(2 nr 2 b 2 g)] where u 2 = N(2jt/60)r 2 = 1300(2jt/60)(0. 110) = 14.975 m/s, H = 
(14.975 2 /9.807) - {[(14.975 cot 33°)£>]/[2;r(0.110)(0.022)(9.807)]} = 22.87 - 173.940. See Fig. 20-3. 



20.21 A centrifugal pump (see Fig. 20-la) has an impeller with dimensions r, = 75 mm, r 2 = 150 mm, ft, = 50 mm, 
b 2 = 30 mm, /l, = fi 2 = 30°. For a discharge of 70 L/s and shockless entry to vanes, compute (a) the speed, (b) 
the head, (c) the torque, and (d) the power. Neglect losses (a, = 90°). 

f V, = V rt = Q/2nr 1 b l - (70 x 10~ 3 )/[(2)(;r)(0.075)(0.050)] = 2.971 m/s 

«, = F,/(tan /S,) = 2.971/(tan 30°) = 5.146 m/s 
(a) N = (u,/r,)(60/2jr) = [5.146/(0.075)](60/2^) = 655.2 rpm 

(A) V r2 = Q/2nr 2 b 2 = {r x b x ir 2 b 2 )V x = [(75)(50)/(150)(30)](2.971) = 2.476 m/s « 2 /«, = r 2 /r, = 150/75 = 2 
u 2 = 2u x = (2)(5.146) = 10.292 m/s V u2 = u 2 - V r2 cot p 2 = 10.292 - 2.476 cot 30° = 6.003 m/s 
H = u 2 VJg = (10.292)(6.003)/9.807 = 6.30 m 
(c) T = pQ(r 2 V u2 ) = (1000)(70 x 10“ 3 )(0.150)(6.003) = 63.0 N • m 

id) P=Tw = T(ujr x ) = (63.0)[5.146/(0.075)] = 4323 W 

20.22 A centrifugal pump with impeller dimensions r x = 2 in, r 2 = 5 in, 6, = 3 in, b 2 = 1.5 in, fi 2 = 60° is to pump 6cfs at 
a 64-ft head. Determine (a) /Si, (ft) the speed, (c) the pressure rise across the impeller. Neglect losses and 
assume no shock at the entrance (a, = 90°). 

I V ri = Q!2izr x b\ = 6/[(2)(w)(n)(^)] = 22.92 ft/s 

V 2r = Q/2jtr 2 b 2 = (r,b,/r 2 b 2 )V r , = [(2)(3)/(5)(1.5)](22.92) = 18.34 ft/s 
H = u 2 V u2 /g = a 2 («i - u r2 cot fi 2 ) u\ - u 2 V r2 cot p 2 -gH = 0 
u 2 = (y r2 cot p 2 + VK 2 2 cot 2 p 2 + AgH)/2 = [18.34 cot 60° + V18.34 2 cot 2 60° + (4)(32.2)(64)]/2 = 51.0 ft/s 

«i = (rjr 2 )u 2 = (!)(51.0) = 20.4 ft/s 

(a) tan /S, = Ki/Mi = 22.92/20.4 =1.124 /3, = 48.33° 

(ft) N = u 2 /r 2 = [51.0/(^)](60/2w) = 1169 rpm 

( C ) K, = K,/(sin /8,) = 22.92/(sin 48.33°) = 30.68 ft/s U 2 = K 2 /(sin /S 2 ) = 18.34/(sin 60°) = 21.18 ft/s 
Ap = (p/2)(a 2 - a? - + F?) = (1.94/2)(51.0 2 - 20.4 2 - 21.18 2 + 30.68 2 ) = 2597 lb/ft 2 or 18.0 lb/in 2 


20.23 Evaluate r,, r 2 , p x , p 2 , ft,, and ft 2 of a centrifugal impeller that will take 36 L/s of water from a 

100-mm-diameter suction line and increase its energy head by 18 m {N = 1440 rpm; or, = 90°). Neglect losses. 
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f Select sample values r, - 50 mm, r 2 = 100 mm, b x = 40 mm, b 2 = 25 mm. Then find /3, and /3 2 . 

V, = Q/2jrr,h, = (36 x 10 ^)/[(2)(^)(0.050)(0.040)] = 2.865 m/s 

u, = cor, = [(2)(;r)(1440)/60](0.050) = 7.540 m/s m 2 = (r 2 /r,)u, = (^>(7.540) = 15.08 m/s 

Since or, = 90°, tan JS, = V,/m, = 2.865/7.540 = 0.37997, )S, = 20.8°. 

V„ 2 = Hglu 2 = (18)(9.807)/15.08 = 11.71 m/s V r2 = V rl (r,bjr 2 b 2 ) = (2.865)[(50)(40)/(100)(25)] = 2.292 m/s 

tan /S 2 = T r2 /(M 2 - V„ 2 ) = 2.292/(15.08 - 14.04) = 2.20385 0 2 = 65.6° 

Note; It is best to choose r, = 50 mm (100-mm inlet diameter). Then r 2 , b 2 , and 6, can be arbitrarily selected 
within reasonable limits. 

20.24 A mercury-water differential manometer, R' = 740 mm, is connected from the 100-mm-diameter suction pipe to 
the 80-mm-diameter discharge pipe of a pump, as shown in Fig. 20-4. The centerline of the suction pipe is 
330 mm below the discharge pipe. For Q = 3.42 m 3 /min of water, calculate the head developed by the pump. 

f V, = Q/A x = (3.42/60)/[(;r)(0.100) 2 /4] = 7.257 m/s V 2 = V x (D 2 jDl) = (7.257)(100 2 /80 2 ) = 11.34 m/s 

The energy equation yields p,/y + V 2 J2g + H p = p 2 / y + V\/2g + h, H p = Ap/y + (V 2 — Vf)/2g + h. The 
manometer equation yields A ply = R'(s.g. — 1) — h = (0.740)(13.6 — 1) — 0.330 = 8.99 m of water, H p = 8.99 + 
(11.34 2 - 7.257 2 ) / [(2)(9.807)] + 0.330 = 13.19 m. 



20.25 An air blower is to be designed to produce pressure of 90 mmH 2 0 when operating at 3200 rpm; r 2 = 1. lr,; 
f} 2 — fiu width of impeller is 100 mm; a, = 90°. Find r,. Assume a temperature of 30 °C. 

# Q =2nr x b x V x = 2nr 2 b 2 V 2 . Since r 2 = 1.lr, and b, = b 2 , 

V r2 =Vj\.\ = Vi/1.1 u 2 = (r 2 /r x )u x = 1.1 u, 

= W„ 2 o(yH 2 o/ya,r) = (0.090)[(9.77)(1000)/11.4] = 77.13 m of air 
F„ 2 = ghju 2 = (9.807)(77.13)/1.1«, = 687.6/m, m 2 = V u2 + V r2 cot /3 

Since /3, = /3 2 = /S and m, = V, cot /3, 1.1m, = 687.6/m, + (V, cot /3)/l. 1 = 687.6/m, + m,/1.1, m, = 60.0 m/s; r, = 
m,/o> = 60.0/[(3200)(2flr)/60] = 0.179 m, or 179 mm. 

20.26 In Prob. 20.25, calculate the discharge for 0, = 32°. 

f F, = m, tan (8, = 60.0 tan 32° = 37.5 m/s 

Q = 2jzr i b x V i = (2)(jt)(0.179)(0.100)(37.5) = 4.218 m 3 /s or 253m 3 /min 

20.27 What is the cavitation index at a point in flowing water where T — 20 °C, p — 16 kPa, and the velocity is 13 m/s. 

f o'=(p- p„)/(pV 2 /2) = (16 - 2.34)(1000)/[(998)(13) 2 /2] = 0.162 

20.28 Two reservoirs A and B are connected with a long pipe which has characteristics such that the head loss through 
the pipe is expressible as h L = 20Q\ where h L is in feet and Q is the flow rate in hundreds of gpm. The 
water-surface elevation in reservoir B is 35 ft above that in reservoir A. Two identical pumps are available for 
use to pump the water from A to B. The characteristic curve of the pump when operating at 1800 rpm is given in 
the table on page 616. 

At the optimum point of operation the pump delivers 200 gpm at a head of 75 ft. Determine the specific speed 
N, of the pump and find the rate of flow under the following conditions: (a) a single pump operating at 
1800rpm; (6) two pumps in series, each operating at 1800 rpm; (c) two pumps in parallel, each operating at 
1800 rpm. 

f The head-capacity curves for the pumping alternatives are plotted in Fig. 20-5 and so is the h L versus Q 
curve for the pipe system. In this case h = Az + h L = 35 + 20 Q 2 . The answers are found at the points of 
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operation at 1800 rpm 

head, ft 

flow rate, gpm 

100 

0 

90 

110 

80 

180 

60 

250 

40 

300 

20 

340 


intersection of the curves. They are as follows: (a) single pump, 156 gpm; (6) two pumps in series, 224 gpm; (c) 
two pumps in parallel, 170 gpm. 

If Az had been greater than 100 ft, neither the single pump nor the two pumps in parallel would have 
delivered any water. If A z had been — 20 ft (i.e., with the water-surface elevation in reservoir B 20 ft below that 
in A), the flows would have been (a) 212 gpm; ( b) 258 gpm; and (c) 232 gpm. 



20.29 The diameter of the discharge pipe of a pump is 8 in, and that of the intake pipe is 10 in. The pressure gage at 
discharge reads 32 psi, and the vacuum gage at intake reads 12 inHg. If Q = 4.0ft 3 /s of water and the brake 
horsepower is 49.0, find the efficiency. The intake and the discharge are at the same elevation. 

I V, = Q/4 = 4.0/[(jt)({§) 2 /4] = 7.334 ft/s V p = 4.0/[(*)(£)74] = 11.46 ft/s 

vacuum pressure = —(12/29.9)(14.7) = —5.900 lb/ft 2 
H p = pjy + V 2 J2g + z d - (pjy + V 2 /2g + z s ) = (32)(144)/62.4 + 11.46 2 /[(2)(32.2)] + 0 
- {(—5.900)(144)/62.4 + 7.334 2 /[(2)(32.2)] + 0} = 88.67ft 
P = QyH p = (4.0)(62.4)(88.67)/550 = 40.24 hp f, = 40.24/49.0 = 0.821 or 82.1% 

20.30 A centrifugal pump with an impeller diameter of 2.94 in delivers 260 gpm of water at a head of 820 ft with an 
efficiency of 62 percent at 21 000 rpm. Compute the peripheral velocity u, specific speed N s , and 
peripheral-velocity factor <p. 

f u = mr = [(21 000)(2jt)/ 60][(2. 94/2)/12] = 269 ft/s N, = NQ 0S /H°- 7S = (21 000)(260)° 5 /820° 75 = 2210 

u = <t>V2gh 269 = (0) V(2)(32.2)(820) 0 = 1.171 

20.31 Select the specific speed of the pump or pumps required to lift 5835 gpm of water 350 ft through 9400 ft of 
2.5-ft-diameter pipe (/ = 0.022). The pump rotative speed is to be 1700 rpm. Consider the following cases: 
single pump, two pumps in series, two pumps in parallel. 
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I Q = (5835)(0.002228) = 13 ft 3 /s V = Q/A = 13/[(jr)(2.5) 2 /4] = 2.648 ft/s 

/t, = (f)(L/D)(V 2 /2g) = (0.022)(9400/2.5) {2.648 2 / [(2)(32.2)]} = 9.0 ft 
/i„= 350+ 9.0 = 359.0 ft N S = NQ 05 /H° 75 



gpm 

per pump 

K 

per pump 

K 

Single pump 

5835 

359.0 

1575 

Two pumps in series 

5835 

179.5 

2648 

Two pumps in parallel 

2918 

359.0 

1113 


20.32 The pump of Fig. 20-6a is used to lift water from one reservoir to another through a 9-in-diameter pipe 

(/ = 0.022), 692 ft long. The difference Az in surface elevation between the reservoirs fluctuates from 20 ft to 
110 ft. Plot delivery rate Q versus pump head h p . Plot also the corresponding efficiencies. The pump is operated 
at a constant speed of 1450 rpm. Neglect minor losses. 

f With Q in gpm, 

V = 0.002228(2 M = 0.002228Q/[( jt)( r) 2 /4] = 0.0050(2 
h p = Az + ( f)(L/D)(V 2 /2g) = Az + (0.022)[692/(^)]{(0.0050(2) 2 /[(2)(32.2)]} = Az + (8.0 x lO'^Q 2 
Plot the pump characteristic curve and pipe system curves for a variety of Az’s. 


Az, ft 

Q, gpm 

efficiency, % 

20 


70 

40 


76 

60 


81 

80 

1860 

83 

100 

1350 

77 

110 

940 

66 


See plotted curves in Fig. 20-66. 



Fig. 20-6 
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20.33 


20.34 


20.35 



(h) Fig. 20-6 ( continued ) 

Repeat Prob. 20.32 for the same pump operating at 1250 rpm. Assume efficiency pattern and values remain the 
same. 

f The pump characteristic curve must be transformed using Q «TV and h « N 2 . Thus point A in Fig 20-6/) 
transforms to A', where Q' = (2Q00)($R) = 1724 gpm and h'„ = (lOO)Gfi) 2 = 74.3 ft, etc. . 


Az, ft 

gpn> 

efficiency, % 

20 

2000 

73 

40 

1750 

82 

60 

1350 

84 

80 

550 

58 

82.3 

(shutoff) 

0 


The transformed pump characteristic curve is shown in Fig. 20-66. (The transformed efficiency curve is not 
shown in the figure.) 


Repeat Prob. 20.32 for a homologous pump whose diameter is 21% smaller. Assume efficiency pattern and 
values remain the same. 

I In this case the pump characteristic curve is transformed using Q<*D 3 and h « D 2 Thus point A in Fig 
20-66 transforms as follows: Q = (2000)(0.79) 3 = 986 gpm, h = (100)(0.79) 2 = 62.4 ft. 


Az, ft 

6> gpm 

efficiency, % 

20 

1400 

60 

40 

1200 

76 

60 

800 

81 

76.8 

(shutoff) 

0 


The transformed pump characteristic curve is shown in Fig. 20-7. 

Repeat Prob. 20.32 if the pump diameter and rotation speed are reduced by 21% and 13.8% respectively 
Assume efficiency pattern and values remain the same. 

f II! ! h ' S C3Se the pum P characteristic curve is transformed using Q^ND 3 and h « N 2 D 2 . Thus point A in Fig. 
20-66 for the solution of Prob. 20.32 transforms as follows: Q = (2000)(0.862)(0.79) 3 = 850 gpm, h = 
(100)(0.862) (0.79) 2 = 46.4 ft. Transforming the pump characteristic curve according to these rules and following 
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the procedure as outlined in Prob. 20.34 gives 


Ac. ft 

gpm 

efficiency, % 

20 

1080 

69 

40 

700 

83 

52.6 

Shutoff 

0 


20.36 A pump with a critical value of a c of 0.10 is to pump against a head of 450 ft. The barometric pressure is 

14.4 psia, and the vapor pressure of the water is 0.6 psia. Assume the friction losses in the intake piping are 6 ft. 
Find the maximum allowable height of the pump relative to the water surface at intake. 

f (-Oma* = OoWy -pJy-o c h-h L pjy = (14.4)(144)/62.4 = 33.2ft 

pjy = (0.6)(144)/62.4 = 1.385 ft (z s ) max = 33.2 - 1.385 - (0.10)(450) - 6 = -19.2 ft (submerged) 

20.37 A pump draws water at 212 °F from a boiler with a friction loss of 3 ft in the intake pipe. Barometric pressure is 

29 in of mercury, o c for the pump is 0.10, and the total pumping head is 300 ft. Locate the pump intake relative 
to the water surface in the boiler. 

I (z.Xnax = (Po\Jy-pJy - o c h-h L p 0 = (fl)(847.3/144) = 14.2 psia pjy = (14.2)(144)/59.8 = 34.2 ft 

pjy = (14.7)(144)/59.8 = 35.4 ft ( 2i ) max = 34.2 - 35.4 - (0.10)(300) - 3 = -34.2 ft 
Thus the water surface must be 34.2 ft above the pump suction. 

20.38 Water is to be pumped at a head of 142 ft, the water temperature being 100 °F and the barometric pressure 
being 14.3 psia. At intake, the pressure is a vacuum of 15 inHg and the velocity is 13 fps. What are the values of 
NPSH and a? 

f NPSH = ( p s \Jy + W2g -pjy (/>,)*. = pjy +p s /y = (14.3)(144)/62.0 + (-ji)(847.3/62.0) = 16.13 ft 
V 2 J2g = 13 2 /[(2)(32.2)] = 2.62 ft pjy = 135/62.0 = 2.18 ft 
NPSH = 16.13 + 2.62 - 2.18 = 16.57 ft a = 16.57/142 = 0.117 

20.39 A pump discharges 7700 gpm of water at 140 °F at a head of 250 ft, the barometric pressure being 13.8 psia. 

Determine the reading on a pressure gage at the suction flange when cavitation is just starting. Assume the 
suction pipe diameter equals 2.1 ft and neglect the effects of prerotation. Take o e = 0.085. 

I a = KpXJy + Vj2g - p v ly]lh. Let p = gage pressure at suction flange. 

(Ps) abs = P» m + p = 13.8 + p V S = Q/A S = (7700)(0.002228)/[(^)(2. l) 2 /4] = 4.953 ft/s 

pjy = 416/61.4 = 6.775 ft 0.085 = {(13.8 + p)(144)/61.4 + 4.953 2 /[(2)(32.2)] - 6.775J/250 

p — —2.013 psia = +2.013 psia vacuum 
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20.40 If the maximum efficiency of the pump of Prob. 20.32 is 81%, approximately what would be the efficiency of the 
pump of Prob. 20.34? 

I (1 — tj,)/(l — rj 2 ) — (DJDi)' 15 (1 — 0.81)/(1 — rj 2 ) = (0.79/1.0) 1 ' 5 = 0.801 or 80.1% 

20.41 Figure 20-8 shows the dimensions and angles of the diffuser vanes of a centrifugal pump. The vane passages are 
0.75 in wide perpendicular to the plane of the figure. If the impeller delivers water at the rate of 3 cfs under 
ideal and frictionless conditions, what is the rise in pressure through the diffuser? 

I V 2 l /2g = V\l2g + Ap/y V = Q/A A, = (2^r)(% 5 )(sin 15°)(0.75/12) = 0.05505 ft 2 

V t = 3/0.05505 = 54.50 ft/s A 2 = (2jr)(9/12)(sin 28°)(0.75/12) = 0.1382 ft 2 
V 2 = 3/0.1382 = 21.71 ft/s 

54.50 2 /[(2)(32.2)] = 21.71 2 /[(2)(32.2)] + A p/y Ap/y = 38.80ft A p = (62.4)(38.80)/144 = 16.8 lb/in 2 


Fig. 20-8 


20.42 Two pumps whose characteristics are given in Prob. 20.28 are to be used in parallel. They must develop a head 
h = 35 + 20 Q 2 as in Prob. 20.28. One pump is to be operated at 1800 rpm. The speed of the other pump is to be 
gradually reduced until it no longer delivers water. At approximately what speed will this happen? 

f From Prob. 20.28, with a single pump operating at 1800 rpm, the flow rate is 156 gpm and the head is 83.8 ft. 
If we add a pump in parallel to this pump with a shutoff head of 83.8 ft, the second pump will convey no flow. 
Thus, h/h 1 = (n/n') 2 , 83.8/100 = (n/1800) 2 , n = 1648 rpm. 

20.43 A pump is installed to deliver water from a reservoir of surface elevation zero to another of elevation 290 ft. 
The 10-in-diameter suction pipe (/ = 0.022) is 90 ft long, and the 8-in-diameter discharge pipe (/ = 0.028) is 
4900 ft long. The pump characteristic at 1100 rpm is defined by h p = 365 — 20 Q 2 where h p , the pump head, is in 
feet and 0 is in cubic feet per second. Compute the rate at which this pump will deliver water under these 
conditions assuming the setting is low enough to avoid cavitation. 

I h p = 365 - 2O0 2 . Also, since h f = (f)(L/D)(V 2 /2g), 

h p = 290 + (0.022)[90/(^)]F?„/2g + (0.028)(4900)(£)Fi/2g V = Q/A 
V m = Q/[(*)(]§)74] = 1.833G 14 = £?/[(^r)(a) 2 /4] = 2.8650 

h p = 290 + (0.022)[90/({§)]{(1.833Q)7[(2)(32.2)]} 

+ (O.O28)[49OO/(£)]{(2.8650)7[(2)(32.2)]} = 290 + 26.350 2 

Equating the two expressions for h p gives 365 - 20£? 2 = 290 + 26.35g 2 , Q = 1.27 ft’/s. 

20.44 Repeat Prob. 20.43 for the case of two such pumps in parallel. 

I From Prob. 20.43, h p per pump = 290 + 26.350 2 = 365 - 20(Q/2) 2 , or 0 = 1.55 fP/s. 
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20.45 A centrifugal pump with a 14-in-diameter impeller is rated at 690 gpm against a head of 91 ft when rotating at 
1800 rpm. What would be the rating of a pump of identical geometry with a 9-in impeller? Assume pump 
efficiencies and rotative speeds are identical. 

I h*D 2 h = (91)(^>) 2 = 51.2 ft Q«D 3 Q = (690)(^) 3 = 291 gpm 


20.46 The following are data for a centrifugal water pump: r, = 4 in, r 2 = 7 in, /3 = 30°, = 20°, speed = 1440 rpm. If 

b, = b 2 = 1.75 in, estimate (a) design-point discharge; (6) water horsepower; (c) head. 

f (a) The angular velocity is a> — 2jr( J gr) = 150.8 rad/s. Thus the tip speeds are u, = cur, = 150.8(^) = 

50.3 ft/s, and u 2 = cur 2 = 150.8(r 2 ) = 88.0 ft/s. From the inlet-velocity diagram, Fig. 20-9a, with a, = 90° 
for design point, we compute V nl = w, tan 30° = 29.Oft/s, whence the discharge is Q = 2iir t b, F„, = 
2;r(i|)(1.75/12)(29.0) = 8.86 ft 3 /s = 3980 gal/min. 

(6) The outlet radial velocity follows from Q : V n2 = Ql(2itr 2 b 2 ) = 8.86/[2jr(-,^)(1.75/12)j = 16.6 ft/s. This 
enables us to construct the outlet-velocity diagram as in Fig. 20-9 b, given /3 2 = 20°. The tangential 
component is V, 2 = u 2 — V „ 2 cot jS 2 = 88.0 — 16.6 cot 20° = 42.4 ft/s, a 2 = tan - '(16.6/42.4) = 21.4°. The 
power is then computed with V tl = 0 at the design point: P w = pQu 2 V, 2 — [(1.94)(8.8)(88.0)(42.4)]/550 = 
117 hp. 

(c) The head is estimated as H = PJpgQ = (117)(550)/[(62.4)(8.86)] = 116 ft. 



(<*) 


(■ b) 


Fig. 20-9 


20.47 The 32-in pump of Fig. 20-10 is to pump 24 000 gal/min of water at 1170 rpm from a reservoir whose surface is 
at 14.7 lb/in 2 abs. If head loss from reservoir to pump inlet is 6 ft, where should the pump inlet be placed to 
avoid cavitation for water at (a) 60 °F, p v = 0.26 lb/in 2 abs, s.g. = 1.0 and ( b ) 200 °F, p v = 11.52 lb/in 2 abs, 
s.g. = 0.9635? 

f For either case read from Fig. 20-10 at 24 000 gal/min that the required NPSH is 40 ft. 

(a) For this case pg = 62.4 lb/ft 3 . NPSH < [(p a —p v )/pg ] - Z, — h fi or 40 ft £ [(14.7 — 0.26)(144)/62.4] - 
Z, — 6.0 or Z, s 27.3 - 40 = -12.7 ft. The pump must be placed at least 12.7 ft below the reservoir 
surface to avoid cavitation. 



(From Ingersoll-Rand Corporation, Cameron Pump Division) 


Fig. 20-10 
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(b) For this case pg = 62.4(0.9635) = 60.1 lb/ft 3 . 40 ft < [(14.7 - 11.52)(144)/60.1] -Z,- 6.0 or Z, < 1.6- 
40 = 38.4 ft. The pump must now be placed at least 38.4 ft below the reservoir surface. These are 
unusually stringent conditions because a large, high-discharge pump requires a large NPSH. 

20.48 A pump from the family of Fig. 20-11 has D = 21 in and n = 1500 rpm. Estimate (a) discharge, (6) head, (c) 
pressure rise, and (d) brake horsepower of this pump for water at 60 °F and best efficiency. 

f (a) In BG units take D = % = 1.75 ft and n = ^ = 25 r/s. At 60 °F, p of water is 1.94 slugs/ft 3 . The BEP 
parameters are known from Fig. 20-11. The BEP discharge is thus Q* = C Q .nD 3 = 0.115(25)(1.75) 3 = 
15.4 ft 3 /s = 6920 gal/min. 

(6) Similarly, the BEP head is H* = C„.n 2 D 2 lg = 5.0(25) 2 (1.75) 2 /32.2 = 297 ft water. 

(c) Since we are not given elevation or velocity-head changes across the pump, we neglect them and 
estimate Ap « pgH = 1.94(32.2)(297) = 18 600 lb/ft 2 = 129 lb/in 2 . 

(d) Finally, the BEP power is P* = C„.pn 3 D 5 = 0.65(1.94)(25) 3 (1.75) s /550 = 588 hp. 



20.49 We want to build a pump from the family of Fig. 20-11, which delivers 3000 gal/min water at 1200 rpm at best 
efficiency. Estimate (a) the impeller diameter, (6) the maximum discharge, (c) the shutoff head, and (d) the 
NPSH at best efficiency. 

I (a) 3000 gal/min = 6.68 ft 3 /s and 1200 rpm = 20 r/s. At BEP we have Q* = C Q .nD 3 = 6.68 ft 3 /s = 
(0.115)(20)D 3 or D = [6.68/0.115(20)] 1/3 = 1.43 ft = 17.1 in. 

( b ) The max Q is related to Q* by a ratio of capacity coefficients: Q max = Q*C q . max /C Q - ~ 

3000(0.23)/0.115 = 6000 gal/min. 

(c) From Fig. 20-11 we estimated the shutoff-head coefficient to be 6.0. Thus H( 0) ~ C H (0)n 2 D 2 /g = 
6.0(20) 2 (1.43) 2 /32.2 = 152 ft. 

(d) Finally, the NPSH at BEP is approximately NPSH* = C m .n 2 D 2 lg = 0.37(20) 2 (1.43) 2 /32.2 = 9.4 ft. Since 
this is a small pump, it will be less efficient than the pumps in Fig. 20-11, probably about 82 percent 
maximum. 

20.50 We want to use a centrifugal pump from the family of Fig. 20-11 to deliver 100 000 gal/min of water at 60 °F 
with a head of 25 ft. What should be (a) the pump size and speed and ( b ) brake horsepower assuming operation 
at best efficiency? 

f (a) Enter the known head and discharge into the BEP parameters: H* = 25 ft = C H .n 2 D 2 /g = 5.0n 2 D 2 /32.2, 
Q* = 100 000 gal/min = 222.8 ft 3 /s = C Q .nD 3 = 0.115nZ) 3 . The two unknowns are n and D. Solve 
simultaneously for D = 12.4 ft, n = 1.03 r/s = 62 rpm. 
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( b ) The most efficient horsepower is, then, bhp* ~ C„.pn 3 D 5 = 0.65(1.94)(1.03) 3 (12.4) s /550 = 734 hp. 

The solution to this problem is mathematically correct but results in a grotesque pump: an impeller more than 
12 ft in diameter, rotating so slowly one can visualize oxen walking in a circle turning the shaft. 


20.51 We want to use the 32-in pump of Fig. 20-10 at 1170 rpm to pump water at 60 °F from one reservoir to another 
120 ft higher through 1500 ft of 16-in-ID pipe with friction factor / = 0.030. (a) What will the operating point 
and efficiency be? ( b ) To what speed should the pump be changed to operate the BEP? 

f (a) For reservoirs the initial and final velocities are zero; thus the system head is H s = z 2 - z t + 

(V 2 /2g)(fL/D) = 120 + (V 2 /2g)[0.030(1500)/{i]. From continuity in the pipe, V = Q/A = g/[U(i!) 2 ], 
and so we substitute for V above to get 

H s = 120 + 0.269Q 2 Q in ft 3 /s ( 1 ) 

Since Fig. 20-10 uses thousands of gallons per minute for the abscissa, we convert Q in Eq. (1) to this 

Umt ' H s = 120 + 1.335Q 2 Q in 10 3 gal/min (2) 

We can plot Eq. (2) on Fig. 20-10 and see where it intersects the 32-in pump-head curve, as in Fig. 

20-12. A graphical solution gives approximately H ~ 430 ft, Q ~ 15 000 gal/min. The efficiency is about 
82 percent, slightly off design. 

An analytic solution is possible if we fit the pump-head curve to a parabola, which is very accurate: 

tfpump = 490 - 0.26Q 2 Q in 10 3 gal/min (3) 

Equations (2) and (3) must match at the operating point: 490 - O.260 2 = 120 + 1.3350 2 or 
Q 2 = (490 - 120)/(0.26 + 1.335) = 232, Q = 15.2 x 10 3 gal/min = 15 200 gal/min; H = 490 - 
0.26(15.2) 2 = 430ft. 

(b) To move the operating point to BEP, we change n, which changes both and H « n 2 . From Fig. 
20-10, at BEP, H* ~ 386 ft; thus for any n, H* = 386(n/1170) 2 . Also read Q* = 20 X 10 3 gal/min; thus 
for any n, Q* = 20(n/1170). Match H* to the system characteristics, Eq. (2), H* = 386(n/1170) 2 = 

120 + 1.335[20(«/1170)] 2 , which gives m 2 <0. Thus it is impossible to operate at maximum efficiency 
with this particular system and pump. 


H 



Fig. 20-12 


20.52 Investigate extending Prob. 20.51 by using two 32-in pumps in parallel to deliver more flow. Is this efficient? 

I Since the pumps are identical, each delivers \Q at the same 1170 rpm speed. The system curve is the same, 
and the balance-of-head relation becomes H = 490 - 0.26(|G) Z = 120 + 1.335Q 2 or Q 2 = (490 - 120)/(1.335 + 
0.065), Q = 16 300 gal/min. This is only 7 percent more than a single pump. Each pump delivers 
\Q = 8150 gal/min, for which the efficiency is only 60 percent. The total brake horsepower required is 3200, 
whereas a single pump used only 2000 bhp. 


20.53 Suppose the elevation change in Prob. 20.51 is raised from 120 to 500 ft, greater than a single 32-in pump can 
supply. Investigate using 32-in pumps in series at 1170 rpm. 

f Since the pumps are identical, the total head is twice as much and the constant 120 in the system-head curve 
is replaced by 500. The balance of heads becomes H = 2(490 - 0.26£? 2 ) = 500 + 1.335Q 2 or Q 2 = (980 — 
500)/(1.335 + 0.52), Q = 16.1 x 10 3 gal/min. The operating head is 500+ 1.335(16.1) 2 = 846 ft, or 97 percent 
more than a single pump in Prob. 20.50. Each pump is operating at 16.1 x 10 3 gal/min, which from Fig. 20-10 is 
83 percent efficient, a pretty good match to the system. To pump at this operating point requires 4100 bhp, or 
about 2050 bhp for each pump. 




624 0 CHAPTER 20 


20.54 A piston positive-displacement pump (PDP) has a 6-in diameter and a 2.5-in stroke. Its crankshaft rotates at , 

300 rpm. Calculate its output at 100 percent volumetric efficiency. I 

B ^displaced = f(^)(^) 2 /4 ](tt) = 0.04091 ft 3 Q = (0.04091)(300) = 12.27 ft 3 /min 

20.55 If the PDP of Prob. 20.54 delivers water against a total head of 24 ft, what horsepower is required at 72% 
efficiency? 

I P = QyE p = (12.27/60)(62.4)(24) = 306.3 ft-lb/s P, equired = (306.3/550)/0.72 = 0.77 hp 

20.56 A pump delivers 1.6 m 3 /min of water at 20 °C against a pressure rise of 287 kPa. Kinetic- and potential-energy 
changes are negligible. If the driving motor supplies 10 kW, what is the overall efficiency? 

I P = QyE p = Ap Q = (287)(1.6/60) = 7.65 kN • m/s = 7.65 kW r? = 7.65/10 = 0.765 

20.57 A 26-hp pump delivers 475 gpm of gasoline (y = 42.5 lb/ft 3 ) at 20°C with 78% efficiency. What head and 
pressure rise result across the pump? 

f Prcuired = QyE p /t} (26)(550) = [(475)(0.002228)](42.5)(£„)/0.78 E p = 248 ft 

Ap = yE p = (42.5)(248) = 10 540 lb/ft 2 or 73.2 lb/in 2 

20.58 A sump pump turning at 1600 rpm provides a discharge of 9 gpm against a head of 18 ft. Compute the minimum 
power input. 

I N. = NQ 0 5 /H" 15 = (1600)(9)° 5 /18 075 = 549. From Fig. A-41, jj™, = 0.32. P min = QyH/r, max = 
[(9)(0.002228)](62.4)(18)/0.32 = 70.4 ft-lb/s, or 0.128 hp. 

20.59 A model pump delivering water at 180 °F at 900 gpm and 2500 rpm begins to cavitate when the inlet pressure 
and velocity are 13 psia and 22 fps. Find the required NPSH of a prototype which is 4 times larger and runs at 
1100 rpm. 

I NPSH = (p, -p„)/y + Vf/2g NPSH mode , = [(13)(144) - 1086]/60.6 + 22 2 /[(2)(32.2)] = 20.49 ft 
NPSH proto = (NPSH madcl )(N p /N m ) 2 (D p /D m ) 2 = (20.49)(^) 2 (4) 2 = 63.5 ft. 

20.60 Determine the specific speed of the pump whose operating characteristics are shown in Fig. 20-13. If this pump 
were operated at 1200 rpm, what head and discharge would be developed at rated capacity, and what power 
would be required? 

f N s = NQ 0 5 /H 0 '' 5 . At its rated capacity of 700 gpm, this pump develops 120 ft of head when operating at 
1450 rpm. Thus N, = (1450)(700)° 5 /120° 75 = 1058. If the efficiency remains constant with the speed change, at 
1200 rpm, Q = ({g|)(700) = 579 gpm, H = (ji£) 2 (120) = 82.2 ft, P = (jfi) 3 (26) = 14.7 hp. 



20.61 A mixed-flow centrifugal pump ( N s = 400, a c = 0.30) is to develop 50 ft of head. Find the maximum permissible 
suction lift on the pump if the pump is at sea level and the water is at 80 °F. 
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I Neglecting head loss between reservoir and pump, z s ~ (p a , m /y -p„/y) - NPSH, NPSH = a c h = 

(0.30)(50) = 15.0 ft, z,«[(14.7)(144)/62.4 - 73.5/62.4] - 15.0 = 17.7 ft. 

20.62 A centrifugal pump (efficiency 79%) driven by an electric motor (efficiency 88%) lifts water through a total 
height of 135 ft from reservoir to discharge. Pumping is through 977 ft of 3-in-diameter pipe at the rate of 
290 gpm. If / = 0.025 and electricity costs $7 per megawatt-hour, find the cost of pumping one million gallons. 

f Q = (290)(0.002228) = 0.6461 ft 3 /s V = QIA = 0.6461/[(*)(£) 2 /4] = 13.16 ft/s 

h f = (f)(L/D)(V 2 /2g) = (0.025)[977/(tj)] {13.16 2 /[(2)(32.2)]} = 262.7 ft E p = 135 + 262.7 = 397.7 ft 

P„ 2 o = QyE„ = (0.6461)(62.4)(397.7) = 16 034 ft-lb/s = 21.74 kW 

P motol = 21.74/[(0.79)(0.88)] = 31.27 kW = 0.03127 MW 

Cos, ,o pump 1000 000 gallons - (j^oiS/h)* 0 ' 03127 MW >Uk) ' « 2 59 

20.63 A model of a mixed-flow water pump has been tested in the laboratory to give performance curves as is shown 
in Fig. 20-14. What would be the total head AH delivered by a prototype pump with an impeller size of 1.2 m 
operating at a speed of 1750 rpm and delivering 1.300 m 3 /s flow? What is its mechanical efficiency? Consider 
that dynamic similarity can be achieved between model flow and prototype flow. 

I We first compute the flow coefficient for the prototype flow: ( Q/ND 3 ) P = 1.300/ {[(1750)(2zr)/60](1.2 3 )} = 
0.00411. Examining Fig. 20-14 we see that the efficiency for this operating point is about 75 percent for the 
prototype. Also note that the head coefficient is about 0.17. Therefore we have for the head AH of the 
prototype (g A H)/N 2 D 2 = 0.17, AH = (0. 17/9.81)[1750(2jt/ 60)] 2 (1.2 2 ) = 838 m. 

Head coefficient Efficiency 

0.3 
0.25 

g AH 0 2 
N2 ° 2 0.15 

.1 

0.05 

0.001 0.002 0.003 0.004 0.005 

Q 

——~ , flow coefficient „ 

ND 3 Fig. 20-14 

20.64 A centrifugal blower compresses 1.4 lbm/s of air at a temperature of 60 °F and a pressure of 13.00 psia to a 
pressure of 14.50 psia. The impeller runs at 3500 rpm. The exit area of the blower is 0.14 ft 2 and the inlet area is 
0.4 ft 2 . How much power is needed to run the blower at 80% efficiency? 

I ( dW p /dt) thco = {[(V 2 )Lo - V]\/2 + c p T l [(p 2 /p { y k -' ),k - 1 ]}rh 

Evaluate the two velocities: 

p, = p,RT t p, = (13)(144)/[(53.3)(g)(520)] = 0.002098 slug/ft 3 p,/p 2 = ( Pl /p 2 ) vk 
p 2 = (0.002098)(14.5/13) ,n 4 = 0.002268 slug/ft 3 
rh = (1.4/g) = p 2 (V 2 ) ttlco A 2 1.4/* = (0.002268)( V 2 ) thco (0.14) (V 2 ) thco = 136.93 ft/s 
Also rh = 1.4/g = p, V, A t = (0.002098)(F,)(0.4), V t = 51.81 ft/s. Consequently, 

0 dW p /dt) thca = {[(136.93 2 - 51.81 2 )/2] + (0.24)(778)(g)(520)[(14.5/13) O4,, 4 - l]}(1.4/g)/550 = 8.47 hp 

(dW„ldt) za = 8.47/0.80 = 10.59 hp 
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20.65 In Prob. 20.64, if the impeller has an outside radius of 9 in and is 1.6 in wide, what should the blade angle /1 2 be 
at exit? 

I (dW p /dt) theo = (a>r 2 m)[(U,) 2 + (V r ) 2 cot fi 2 ] 

(8.47)(550) = [(3500)(27r)/(60)]( ;' )(1.4/g){((3500)(2^)/60](T' ) + (V r ) 2 cot &} (1) 

Writing the continuity equation as m = p 2 (V r ) 2 {ljir 2 ){b) and taking p 2 from Prob. 20.64, we find 
1.4/g = (0.002268)(K) 2 (2jr)(ft)(1.6/12) (V r ) 2 = 30.51 ft/s 

Now Eq. (i) is solved to give )S 2 = 14.86°. 

20.66 An air compressor has a mass flow of 0.7 kg/s, taking the fluid from a pressure of 100 kPa at the inlet to 
101.67 kPa at the outlet. The inlet temperature is 15 °C. The exit angle fi 2 is 160 °. The inlet area is 8000 mm 2 
and the exit area is 7000 mm 2 . Determine the speed of the compressor, if the diameter of the rotor is 175 mm, 
the width of the impeller is 80 mm, and the compressor efficiency is rj = 0.80. Base your calculation on actual, 
not theoretical, torque. 

I dW p /dt = {[(V 2 )Lo - V\\I2 + c p 7’ 1 [(p 2 /p,) < *' 1,/ * - 1 ]}m/r, 

From the continuity equation, p 2 (V 2 ) lhco A 2 = 0.7 kg/s, V 2 = 0.7/[(1.2244)(7000 x 10“ 6 )] = 81.7 m/s; hence, 

dW„/dt = {[(81.7 2 - 71.5 2 )/2] + (1003)(288)[(101.67/100) O4/14 - l]}(0.7)/0.80 = 1883 N • m/s 

Now, d.W p ldt — T s a = r 2 m[{U,) 2 + (V r ) 2 cot fi 2 ]oj, or 

1883 = (0.175/2)(0.7)[( w)(0.175/2) + (V r ) 2 cot 160°]a> (1) 

By the continuity equation, (1.2244)(K 2 )[(^)(0.175)](0.08) = 0.7, or (V r ) 2 = 13.00 m/s. Then (i) gives: 
co 2 - 408.2a> - 3.513 x 10 5 = 0, w = [408.2 ± V408.2 2 + (4)(3.518 x 10 5 )(1)]/(2)(1) = 831 rad/s = 7935 rpm. 

20.67 A performance chart is shown in Fig. 20-15 for a 3000-rpm blower from a bulletin of the Buffalo Forge Co. For 
a 21-in wheel having a flow of 3000 ft 3 /min, what is the efficiency and the required torque? The exit diameter is 
8 in and the entrance diameter is 16 in. At the entrance p = 14.7 lb/in 2 and T = 70 °F. The capacity is given at 
the exit pressure. Note: The upper curves apply to the left ordinate and the lower curves apply to the right 
ordinate. 

f From the chart: 

flip =21 

l(Ap) static = 24.4 inH 2 0 = (24.4)(62.4)/12 = 126.9 psf 
p 2 = (14.7)(144) + 126.9 = 2244 psf m = p 2 Q = [(0.002378)(I^) l, ‘]( ? i°) = 0.1228 slug/s 
v 2 = Q/A 2 = (^ a )/[x(^) 2 /4] = 143.2 ft/s 

Now get V,. 

p l V l A l =m= 0.1228 slug/s (0.002378)(V,)(^)(tf) 2 /4 = 0.1228 V, = 36.98 ft/s 
dW p !dm = [(Vl/2) - (V?/2)] + c„r l [(p 2 /p 1 ) ( *- 1 > , ‘ - 1] 
dW p /dt = ( dW p /dm)th = (0.1228){[(143.2 2 /2) - (36.98 2 /2)] 

+ (0.24)(778)(g)(460 + 70)[(ffH) (14 - |)/14 - l]}/550 = 11.49 hp 
e = [(21 - 11.49)/21](100) = 45.3% T = (11.49)(550)/[3000(2jt/ 60)] =20.12 ft-lb 

20.68 A centrifugal pump in a horizontal pipe drives 213 gal/min of water from an entrance pressure p, = 13 psia. 
Pump data are: inside radius of impeller is 3 in; outside radius of impeller is 0.8 ft; pump outputs 25 hp running 
at 1650 rpm; pump efficiency is 80%; width b of the vanes is 2 in. Determine the exit pressure p 2 . Take 

p = 1.938 slug/ft 3 for water. 


Static pressure, inches of water 
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Capacity ft 3 of air per minute 

Fig. 20-15 (Courtesy Buffalo Forge Company. Reprinted with permission.) 


f First, find the blade angle from T s = (theoretical power)/<w = r 2 rh[(U,) 2 + (V r ) 2 cot ft]: 

(25/0. 80)(550)/[(1650)(2jt)/ 60]} = (0.8)[(213)(231)/(172S)(60)](1.938)([(1650)(2jr)/60](0.8) 

+ {[(213)(231)/(1728)(60)]/[(2^)(0.8)(ft)]} cot ft) 
ft = 169.4° 

Next compute the exit velocity: 

(F 2 ) rel sin (ft - ft) = (V r ) 2 (V 2 )re, = {[(213)(231)/(1728)(60)]/[2jr(0.8)(n)]}/[sin (180° - 169.4°)] = 3.079 ft/s 

and, from the law of cosines, 

V 2 2 = (V ,) 2 2 + (V",) 2 2 - 2(U,)(V rel ) 2 cos (ft - ft) 

= {[(1650)(2jt)/ 60](0.8)} 2 + 3.079 2 - (2){[(1650)(2jr)/60](0.8)}(3.079 cos 10.6°) = 18 280 ft 2 /s 2 
Since the entrance velocity is V, = [(213)(231)/(1728)(60)]/[(2?r)(^)(^)] = 1.813 ft/s, we can now write 


theoretical power = (^f:)(550) = m - 

VO.oO/ 


Ap - 
1.938. 


Solving, A p = 18 507 psf = 129 psi and p 2 = 13 + 129 = 142 psi. 


20.69 A centrifugal pump moves 9.0 L/s of water from a pressure of 90 kPa to a pressure of 520 kPa. The section inlet 
has a diameter of 50 mm and the discharge has a diameter of 40 mm. What power is required if there is an 
efficiency of 65 percent and the discharge pipe is 0.3 m above the inlet pipe? 


Horsepower 





Total head, ft 
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I ( dW p /dt) thco = m({[(Fl), heo - V?]/2} + (P 2 -p t )/p+ g(z 2 - 2 ,)) m = (0.0090)(1000) = 9 kg/s 
V, = g/A, = 0.0090/[(jr)(0.050) 2 /4] = 4.584 m/s V 2 = Q/A 2 = 0.0090/[(jr)(0.040) 2 /4] = 7.162 m/s 
r/W p /</f = (9){[(7.162 2 - 4.584 2 )/2] + [(520 - 90)/1000] x 10 3 + 9.81(0.3)} = 4033 W 

P = 4033/0.65 = 6.20 kW 

20.70 Shown in Fig. 20-16 are performance curves as found in a Buffalo Forge Co. bulletin for multistage centrifugal 
pumps. The number designations 2 x 3, 4 x 4, etc., give the exit and the inlet diameters, respectively. For a 
2x3 (four-stage) pump operating at 25 hp with a flow Q of 80 gal/min of water, compute the efficiency. What is 
the total required torque on the four rotors? 

I A//(output) = 540 ft A//(input) = [(hp)(550)/Qy] = (25)(550)/{[(80)(231)/(1728)(60)]62.4} = 1236 ft 
V = tis(lOO) = 44 percent Torque = (25)(550)/[(3500)(2 tt)/ 60| = 37.5 ft-lb 


3500 rpm/rating chart 



20.71 Using Fig. 20-16, select a centrifugal pump to move 120 gal/min of water from tank A to tank B in Fig. 20-17. 
The inlet and outlet pipes are steel. Neglect head loss for the short inlet piping. Water is at 60 °F. 

f Use the first law for pump and 2-in outlet pipe. 

(1 /g)(dW„/dm) + ( VVlg) + (p,/ Y ) + 0 = (V 2 2 /2g) + ( P2 /y) + 390 + l(h,)/g] ( 1 ) 
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For pi (gage pressure) apply Bernoulli’s equation between free surface of tank A and pump inlet: 

(Vjj2g) + (p atm /y) + 1 = (VV2g) + ( pjy ) (2) 

Vi = [(120)(231)/(1728)(60)]/[(jr)(3 2 )/(4)(144)] = 5.447 ft/s pjy = 1 - (5.447 2 /2g) = 0.539 ft 

V 2 = [(120)(231)/(1728)(60)]/[(jt)( 2 2 )/(4)(144)] = 12.25 ft/s N R = (12.25)(^)/(1.217 x 10“ 5 ) = 1.398 x 10 s 
elD = 0.00015/(n) = 0.0009 / = 0.021 h L =f(L/d)(V 2 / 2) = (0.021)(390/|)(12.25 2 /2) = 3687 ft 

Now substitute in Eq. (1): 

(1 lg){dW p ldm) + (5.447 2 /2g) + 0.539 = (12.25 2 /2g) + [(y)(20)/y] + 390 + (3687/g) = 527 ft 
Use 2 x 3(four-stage) 30-hp pump. 



20.72 A pump impeller, 12 in in diameter, discharges 5.25 cfs when running at 1200 rpm. The blade angle j8 2 is 160° 
and the exit area A 2 is 0.25 ft 2 . Assuming losses of 2.8(v 2 /2g) and 0.38(V|/2g), compute the efficiency of the 
pump (exit area A 2 is measured normal to u 2 ). 

f The absolute and relative velocities at exit must be calculated first. Velocities u 2 and v 2 are u 2 = r 2 o) = 
(n)(2?r)( 1 ^) = 62.8 ft/s, v 2 = Q/A 2 = 5.25/0.25 = 21.0 ft/s. 

From the vector diagram shown in Fig. 20-18, the value of the absolute velocity at exit is V 2 = 43.7 ft/s. Head 
furnished by impeller, H' = («|/2g) - (vl/2g) + (V|/2g) = [(62.8) 2 /2g] - [(21.0) 2 /2g] + [(43.7) 2 /2g] = 84.0ft. 
Head delivered to water, // = //' — losses = 84.0 — (2.8[(21.0) 2 /2g] + 0.38[(43.7) 2 /2g]} = 53.6 ft. 

Efficiency e = H/H' = 53.6/84.0 = 63.8 percent. The value of H' might have been calculated by means of the 
commonly used expression H' = (n 2 /g)(n 2 + v 2 cos /3 2 ) = (62.8/g)[62.8 + 21.0(—0.940)] = 84.0 ft. 



Fig. 20-18 


20.73 A 6-in pump delivers 1300 gpm against a head of 90 ft when rotating at 1750 rpm. The head-discharge and 
efficiency curves are shown in Fig. 20-19. For a geometrically similar 8-in pump running at 1450 rpm and 
delivering 1800 gpm, determine (a) the probable head developed by the 8-in pump. ( b ) Assuming a similar 
efficiency curve for the 8-in pump, what power would be required to drive the pump at the 1800-gpm rate? 

f (a) The homologous pumps will have identical characteristics at corresponding flows. Choose several rates 
of flow for the 6-in pump and read off the corresponding heads. Calculate the values of Q and H so that 
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a curve for the 8-in pump can be plotted. One such calculation is detailed below and a table of values 
established by similar determinations. 

Using the given 1300 gpm and the 90-ft head, we obtain from the speed relation H a = 

(D s / D 6 ) 2 (NJN 6 ) 2 H 6 = (|) 2 (^i) 2 /f 6 = 1.22 H 6 = 1.22(90) = 109.8 ft. From the flow relation, Q/D 3 N = 
constant, we obtain Q s = (D a /D 6 ) 3 (N S /N 6 )Q 6 = (!) 3 (trs)£?6 = 1.964<2 5 = 1.964(1300) = 2550 gpm. 

Additional values, which have been plotted as the dashed line in Fig. 20-19, are as follows: 


For 6-in pump at 1750 rpm 

For 8-In pump at 1450 rpm 

Q, gP«n 

H, ft 

Efficiency, % 

Q > gpm 

H, ft 

Efficiency, % 

0 

124 

0 

0 

151.6 

0 

500 

119 

54 

980 

145.5 

54 

800 

112 

64 

1570 

134.5 

64 

1000 

104 

68 

1960 

127.0 

68 

1300 

90 

70 

2550 

110.0 

70 

1600 

66 

67 

3140 

80.6 

67 


From the head-discharge curve, for Q = 1800 gpm the head is 130 ft. 

(6) The efficiency of the 8-in pump would probably be somewhat higher than that of the 6-in pump at 
comparable rates of flow. For this case, the assumption is that the efficiency curves are the same at 
comparable rates of flow. The table above lists the values for the flows indicated. The figure gives the 
efficiency curve for the 8-in pump and, for the 1800 gpm flow, the value is 67 percent. Then 
p = y QH/550e = 62.4[1800/(60)(7.48)](130)/[550(0.67)] = 88.3 horsepower required. 



Fig. 20-19 


20.74 In order to predict the behavior of a small oil pump, tests are to be made on a model using air. The oil pump is 
to be driven by a ®-hp motor at 1800 rpm and a J-hp motor is available to drive the air pump at 600 rpm. Using 
the s.g. of oil at 0.912 and the density of air constant at 0.00238 slug/ft 3 , what size model should be built? 

f Using the power relation, we obtain prototype [P/(pD 5 N 3 )] = model[P/(p£> 5 7V 3 )]. Then 
M0.912(62.4/32.2)D 3 (1800) 3 ] = i/[0.00238D^(600) 3 ] and DJD„ = f. The model should be 10 times as large 
as the oil pump. 



























PUMPS AND FANS 0 631 


20.75 What is the power ratio of a pump and its 5 scale model if the ratio of the heads is 4 to 1? 

f For geometrically similar pumps, P/(D 2 H 312 ) for pump = P/(D 2 H 3/2 ) for model. Then P p /[(5D) 2 (4H f 2 } = 
PJ(D 2 H 3 ' 2 ) and P p = 25(4) 3/2 P m = 200P m . 

20.76 Determine the thrust coefficient of a propeller which is 4 in in diameter, revolves at 1800 rpm, and develops a 
thrust of 2.50 lb in fresh water. 

f Thrust coefficient = F/(pN 2 D*) = 2.50/[1.94( 1 |t) 2 (ti) 4 ] = 0.116. The coefficient is dimensionless when Fis in 
pounds, Win revolutions/per second, and D in feet. 

20.77 The power and thrust coefficients of an 8-ft-diameter propeller moving forward at 100 ft/s at a rotational speed 
of 2400 rpm are 0.068 and 0.095, respectively, (a) Determine the power requirement and thrust in air 

(p = 0.00237 slug/ft 3 ). ( b ) If the advance-diameter ratio for maximum efficiency is 0.70, what is the air speed for 
the maximum efficiency? 

f (a) Power P = C P pN 3 D 5 in ft-lb/s = [0.068(0.00237)(^P) 3 (8)*]/550 = 615 horsepower. 

Thrust F = C F pN 2 D 4 in lb = 0.095(0.00237)( 2 ^) 2 (8) 4 = 1476 lb. 

(b) Since V/ND = 0.70, V = 0.70(^®)(8) = 224 ft/s. 


20.78 An airplane flies at 180 mph in still air, y = 0.0750 lb/ft 3 . The propeller is 5.5 ft in diameter and the velocity of 
the air through the propeller is 320 ft/s. Determine (a) the slipstream velocity, (6) the thrust, (c) the 
horsepower input, (d) the horsepower output, (e) the efficiency, and (/) the pressure difference across the 
propeller. 

I (a) V = HV, + K) 320 = Ml80(§gg) + V 4 ] V 4 = 376 ft/s (relative to fuselage) 

(6) Thrust F = ( y/g)Q(V 4 - V ,) = (0.0750/32.2)[>(5.5) 2 (320)](376 - 264) = 1983 lb 

(c) Power input P, = FV1 550 = 1983(320)/550 = 1154 hp 

(d) Power output P 0 = FV,/550 = 1983(264)/550 = 952 hp 

(e) Efficiency e = fm = 82.5 percent or e = 2VJ(V 4 + Vi) = 2(264)/(376 + 264) = 82.5 percent. 

( f) Pressure difference = (thrust F)/[area (\jiD 2 )} = 1983/[?x(5.5) 2 ] = 83.5 psf or pressure difference = 
(0.0750/32.2){[(376) 2 - (264) 2 ]/2) = 83.5 psf. 

20.79 Water is being pumped from the lower reservoir to the upper reservoir, as shown in Fig. 20-20. Find the pump 
horsepower required, assuming 75 percent pump efficiency. Neglect minor losses. 

f pjy + V\/2g + Z! + E p = p 2 ly + V\l2g + z 2 + h L . From Fig. A-13, with Q = 23 cfs and D = 24 in, = 
0.0076 ft/ft. 

h L = h f = (0.0076)(3600) = 27.36 ft 0 + 0 + 97.5 + E p = 0 + 0 + 132.0 + 27.36 
E p = 61.86 ft P = QyE p ! 550 = (23)(62.4),(61.86)/550 = 161 hp 
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20.80 Water is being pumped from a reservoir to the top of a hill, where it is discharged, as shown in Fig. 20-21. The 
pump, which is 70 percent efficient, is rated at 150 kW. Find the flow rate at which water is being discharged 
from the pipe. Neglect minor losses. 

I Pxh + V 2 /2g + z, + E p = p 2 /y + Vl/2g + z 2 + h L E p = P/Qy = (150)(0.70)/[(G)(9.79)] = 10.725/Q 

V = Q/A V 2 = Q/[(jt)(0.500) 2 /4] = 5.093Q h L = h, = (J)(L/D)(V 2 /2g) 

Assume/ = 0.018. h L = (0.018)[975/0.500]{(5.093Q)7[(2)(9.807)]} = 46.42Q 2 , 0 + 0 + 111.0 + 10.725 /Q = 0 + 
(5.093Q) 2 /[(2)(9.807)] + 150.2 + 46.42Q 2 , Q = 0.254 m 3 /s (by trial and error). This solution was based on the 
assumed value of /of 0.018. However, the value of /is dependent on the Reynolds number and relative 
roughness. Therefore a new value of/should be determined based on the computed value of Q of 0.254 m/s. 

e/D = 0.00030/0.500 = 0.00060 V = Q/A = 0.254/[(;r)(0.500)74] = 1.294 m/s 

N k = DV/v = (0.500)(1.294)/(1.02 x 10~ 6 ) = 6.34 X 10 s 

From Fig. A-5,/ = 0.018. Hence, the computed flow rate of 0.254 m 3 /s is correct. 



20.81 Oil with a specific gravity of 0.87 is being pumped from a lower reservoir to an elevated tank as shown in Fig. 

20-22. The pump in the system is 78 percent efficient and is rated at 185 kW. Determine the flow rate of the oil 
in the pipe if the total head loss from point 1 to point 2 is 12 m of oil. 

I p 1 /y + v 2 J2g + z l + E p =p 2 /y + vl/2g + z 2 + h L pjy =p 2 /y = v]/2g = 0 Z! = 150m 

p = QyE p (0.78)(185) = (<2)[(0.87)(9.79)](£ p ) E p = 16.94/Q 

vl/2g = (Q/A) 2 /2g = { Q /[(jt)( 0. 160)74] } 2 /[(2)(9.807)] = 126.12g 2 
z 2 = 200 m h L = 12m 0 + 0 + 150 + 16.94/Q =0+ 126.12Q 2 + 200 +12 126.12G 2 - 16.94/0 + 62 = 0 

By trial and error solution, Q = 0.244 m 3 /s. 



Fig. 20-22 


20.82 For the conditions given in Prob. 20-80, find the flow rate at which water is being discharged from the pipe using 
the computer program written for Prob. 9.295. 
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I INPUT 

I H ' I * >1 Il«l1UUt4tIHlMlltM»aU}4UM17M»»MUUHUMIfMII«4lliUM4$«««4IH}tnintlIHPMtMMtHUMaUIINMNnnnMnNn)|nN 

1 SAMPLE ANALYSIS 0F INCOMPRESSIBLE FL0W 

1.0 111.0 150.2 105.0 

500.0 975.0 .00000102 .00030 9.79 

MATER (ROUGHNESS = 0.300 !*i) 

SAMPLE ANALYSIS OF INCOMPRESSIBLE FLOW 

I OUTPUT 

GIVEN DATA FOR A CIRCULAR CLOSED CONDUIT CARRYING INCOMPRESSIBLE FLOW 
PRESSURE AT POINT 1 = 0.0 KPA 

PRESSURE AT POINT 2 = 0.0 KPA 

ELEVATION AT POINT 1 = 111.0 M 
ELEVATION AT POINT 2 = 150.2 M 

ACTUAL ENERGY ADDED BETWEEN POINTS 1 AND 2 =105.0 KW 
ACTUAL ENERGY REMOVED BETWEEN POINTS 1 AND 2 = 0.0 KW 

MINOR HEAD LOSSES BETWEEN POINTS 1 AND 2 = 0.0 M 

DIAMETER OF CONDUIT = 500.0 MM 

LENGTH OF CONDUIT = 975.0 M 

FLUID FLOWING IS WATER 

CONDUIT MATERIAL IS (ROUGHNESS = 0.300 MM) 

THE FLOW RATE WILL BE 0.254 CU M/S 
VELOCITY AT POINT 1 = 0.00 M/S 
VELOCITY AT POINT 2 = 1.29 M/S 

20.83 A pump draws water from a reservoir and then discharges it to an elevated tank, as shown in Fig. 20-23. The 

pipe’s ends are squared-cornered (i.e., sharp-edged). There are two 90° bends as shown. The pipe roughness (e) 
is 0.0084 ft and C is 120. If the rate of flow is 8.0 ft 3 /s and the efficiency of the pump is 75 percent, determine the 
required horsepower of the pump. Consider both friction and minor losses. 

I pJY + v 2 J2g + z i + E„=p 2 /Y + vl/2g + z 2 + h L pJy =pdY = v\/2g = v\/2g = 0 

2 , = 10 ft z 2 = 120 ft h L = h f + h m 

For the 12-in pipe with Q = 8 cfs, (hi) l2 = 0.032 ft/ft. For the 10-in pipe with <2 = 8 cfs, (/ii)i 0 = 0.074 ft/ft. 
h f = (0.032)(40) + (0.074)(200) = 16.08 ft h m = h c + 2h b + h e h c = K c v\J2g K c = 0.45 
t/ 12 =QIA= 8.0/[(ir)(1.0) 2 /4] = 10.19 ft/s h c = (0.45)(10.19)7[(2)(32.2)] = 0.73 ft 
h„ = K b v]J2g v 10 = Q/A = 8. 0/[(jt)(0. 833)74] = 14.68 ft/s 
With e/D = 0.0084/(t§) =0.101 and R/D = fg = 2.0, K b = 0.6. 

h b = (0.6)(14.68)7[(2)(32.2)] = 2.01 ft h, = K t v\J2g K e = 1.0 
h € = (1.0)(14.68)7[(2)(32.2)] = 3.35 ft h m = 0.73 + (2)(2.01) + 3.35 = 8.10 ft 
h L = h f +h m = 16.08 + 8.10 = 24.18 ft 0+ 0 + 10 + E p = 0 + 0 + 120 + 24.18 = 134.18 ft 

P = QyE„ = (8.0)(62.4)(134.18) = 66 983 ft-lb/s Required horsepower = 66 983/[(550)(0.75)] = 162 hp 
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20.84 Oil with a specific gravity of 0.86 is being pumped from a reservoir as shown in Fig. 20-24. The pressures at 

points 1 and 2 are —4.0 psi and 43.0 psi, respectively. The rate of flow in the pipe is 0.50 ft 3 /s. The pump is rated 
at 8 hp. Determine the efficiency of the pump. Neglect energy losses in the system. 

I pjy + v\/2g + z I + E p = p 2 /y + v\t2g + z 2 + h L pjy = (-4)(144)/[(0.86)(62.4)] = -10.73 ft 
v\/2g = vl/2g Zi = h L = 0 pjy = (43)(144)/[(0.86)(62.4)] = 115.38 ft 
z 2 = 3ft -10.73 + E P = 115.38 + 3 E p = 129.11 ft 
p = QyE p = (0.50)[(0.86)(62.4)](129.11) = 3464 ft-lb/s = W = 6.30 hp 
Efficiency of pump = (6.30/8)(100) = 78.8 percent 



© 

Pi = 43 psi 


Fig. 20-24 


20.85 A pump circulates water at the rate of 1900 gpm in a closed circuit holding 9000 gal. The total pump head is 
290 ft and the pump efficiency is 0.89. Assuming the bearing friction to be negligible and the system to be 
adiabatic, find the rate of temperature rise in the water. [For water, c = 25 000 ft-lb/(slug-F°).] 

f By the first law mc(AT/At) = QyH/t}, or 


or 5.3 P/h. 


AT QyH [(1900)(0.002228](62.4)(290) 

At ~ met) ~ [(9000/7.48)(1.94)](25 000)(0.89) 


= 0.00147 P/s 


20.86 The pump in Fig. 20-25 delivers water at 3 ft 3 /s to a machine at section 2, which is 20 ft higher than the reservoir 
surface. The losses between 1 and 2 are given by h f = KV\!2g, where K = 7.5 is a dimensionless loss coefficient. 
Find the power required to drive the pump if it is 80 percent efficient. 
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f The flow is steady except for the slow decrease in reservoir depth, which we neglect, taking V, ~ 0. We can 
compute V 2 from the given flow rate and diameter: V 2 = Q/A 2 = 3/[(x/4)(^) 2 ] = 61.1 ft/s. Because of the solid 
walls and one-dimensional ports, the viscous work is zero, (pilpg) + (Vi/2 g) + z, = ( p 2 /pg) + (V\/2g) + z 2 + 
h, + h f . With Vj = z, = 0 and h f = KV\/2g, we can solve for 

h, = [(Pi-p 2 )/pg] -z 2 -(l + K)(Vl/2g) ( 1 ) 

The pressures must be in pounds per square foot for consistent units, with pg = 62.4 lb/ft 3 for water. 

Introducing numerical values, we have 

h s = [(14.7 - 10)(144)/62.4] - 20 - [(1 + 7.5)(61.1) 2 /2(32.2)] = -502 ft (2) 

The pump head is negative, indicating work done on the fluid. The power delivered is P = mw s = pQgh, = 
(1.94)(3)(32.2)(-502) = -94100 ft-lb/s, hp = 94 100/550 = 171 hp. The input power thus required to drive the 
80 percent efficient pump is P mpM = P/efficiency = 171/0.8 = 214 hp. 



Fig. 20-25 


20.87 For the pump of Fig. 20-26, total friction head loss is 6 m. If the pump delivers 40 kW of power to the water, 
determine the exit velocity V e and the flow rate Q. 

f p./y + Vi/2g + z x + E„ =p 2 /y + V\/2g + z, + h L 0 + 0 + 0+ E p = 0+ V 2 /[(2)(9.807)] + 3 + 6 

E p = 0.05098V 2 + 9 

Also, P = QyE„, Q = AV = [(^)(0.050) 2 /4](V) = 0.001964V,, (40)(1000) = (0.(X)1964V,)[(9.79)(l(X)0)](P p ), 
E p = 2080/V,. Equating expressions for E p , 0.05098V 2 + 9 = 2080/V,, V e = 32.7 m/s (by trial and error); 

Q = (0.001964)(32.7) = 0.0642 m 3 /s, or 64.2 L/s. 



Fig. 20-26 



D = 3 in 

130 ft/s 


Fig. 20-27 


20.88 A fireboat pump draws sea water (s.g. = 1.025) from a 9-in submerged pipe and discharges it as 130 fps through 
a 3-in nozzle, as in Fig. 20-27. Total head loss is 9 ft. If the pump is 72 percent efficient, how much horsepower 
is required to drive it? 

I P = QyE p lt) Q = AV = [(n:)(^) 2 /4](130) = 6.381 ft 3 /s 

pjy + V\/2g + z x + E p = pjy + V|/2g +z 2 + h L 0 + 0 + 0+ E p =0+ 130 2 /[(2)(32.2)] + 10 + 9 

E p =281.4 ft P= {(6.381)[(1.025)(62.4)](281.4)/550}/0.72 = 290hp 
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20.89 The pump in Fig. 20-28 discharges water at 30 L/s. Neglecting losses and elevation changes, what power is 
delivered to the water by the pump? 

I pj y + V 2 J2g + z, + E p = p 2 /y + V 2 J2g + z 2 + h L V, = Q/A , = (30 x 10~ 3 )/[(;r)(0.10) 2 /4] = 3.820 m/s 

V 2 = 0.03/[(jt)( 0.04)74] = 23.87 m/s 

125/9.79 + 3.8207[(2)(9.807)] + 0 + = 409/9.79 + 23.87 2 /[(2)(9.807)] +0 + 0 

E p = 57.31 m P = QyE p = (30 x 10- 3 )(9.79)(57.31) = 16.8 kW 



20.90 What is the flow for the system shown in Fig. 20-29a? The pump has the characteristics shown in Fig. 20-29 b. 
What is the power required? 

I Express the first law for thermodynamics for pipe interior as shown: 

(pjp) + (V?/2) +gz, +gH = ( pjp ) + (Vl/2)+gz 2 + h (1) 

Bemoulii in left tank: Use gage pressures, ](35)(144)/1.94] + 36g = {pj p) + (V 2 /2) + 0: 

pj p = 3757 -V 2 12 (2) 

Hydrostatics in right-hand tank: 

p 2 lp = (l/p)[(10)(144) + 11.3(62.4)] = 1106 (3) 


Substitute Eqs. (2) and (3) into Eq. (1): 

[3757 - (V 2 /2)] + gH = 1106 + (g)(45) +/(1345/2.00)(F 2 /2) + 2.3(V 2 /2) (4) 

Assume Q, = 80cfs. Then V, = 80/[(^/4)(2.00) 2 ] = 25.5 ft/s, (N K ), = [(25.5)(2.00)/(0.1217 x 10 4 )] = 4.19 X 10 6 , 
/, = 0.0118. Solve for H, in Eq. (4): H, = 76.1 ft. The point (1) for //, and Qt is above Q curve. We take as a 
second estimate Q 2 = 70, V 2 = 70/[(jt/ 4)(2) 2 ] = 22.28 ft/s, (N R ) 2 = (22.28)(2)/(0.1217 x 10“ 4 ) = 3.66 x 10 6 , f 2 = 
0.0118, H 2 = 49.3 ft. New point is just below Q line. Third estimate can now be easily made: Q 3 = 71 cfs, 

V 3 = 71/[(rr/4)(2 2 )] = 22.60 ft/s, (N R ) 3 = (22.60)(2)/(0.1217 x 10" 4 ) = 3.71 x 10 6 , f 3 = 0.0118, H 3 = 51.8 ft. We 
are close enough to the intersection so that we can say: Q = 71 cfs. The power needed for this operation is then 
Power = g(51.8)(1.938)(71)/[(0.73)(550)] = 572 hp. 



AH, ft 




Fig. 20-29 




CHAPTER 21 

Turbines 


21.1 A radial-flow turbine has the following dimensions: r, = 1.6 ft, r 2 = 1.0 ft, and /3, = 80°. The width of the flow 
passage between the two sides of the turbine is 0.8 ft. At 300 rpm the flow rate through the turbine is 120 cfs. 
Find ( a ) the blade angle ji 2 such that the water exits from the turbine in the radial direction, (b) the torque 
exerted by the water on the runner and the horsepower thus developed, (c) the head utilized by the runner and 
the power resulting therefrom. Assume that water enters and leaves the blades smoothly. Assume the blades 
are so thin that they do not occupy any of the available flow area. 

f (a) At the outer periphery (r t = 1.6 ft): u, = tor, = (2;r/60)(300)(1.6) = 50.3 fps. From continuity Q = 120 = 
2 Jtr t (z)V ri = 2jr(1.6)(0.8)(V ri ), V r| = 120/8.04 = 14.92 fps = u, sin /S, = u, sin 80°, v , = 14.92/(sin 80°) = 15.15 fps, 
u, cos 80° = (15.15)(0.1736) = 2.63 fps, V, cos a, = «, + v 2 cos /3, = 50.3 + 2.6 = 52.9 fps. (See Fig. 21-la.) At the 
inner periphery (r 2 = 1.0 ft): u 2 = (or 2 = (2^r/60)(300)(1.0) = 31.4 fps, V, 2 = V, 1 (r,/r 2 ) = 14.92(1.6/1.0) = 23.9 fps. 
Because the water exits from the turbine in the radial direction, a 2 = 90° and V 2 = V . tan (180° — fi 2 ) = V 2 /u 2 = 
23.9/31.4 = 0.760. Thus 0 2 = 180° - 37.2° = 142.8°, the required blade angle. (See Fig. 21-16.) 

(6) T = pQ(r, V, cos a, — r 2 V 2 cos a 2 ) = 1.94(120)((1.6)(52.9 - 0)] = 19 700 ft-lb and power = Tco = 

19700(31.4) = 619 000 ft-lb/s = 1125 hp. 

(c) h" = (m, V, cos or, — u 2 V 2 cos a 2 )/g = [50.3(52.9) — 0]/32.2 = 82.6 ft and power = yQh" = 

(62.4)(120)(82.6) = 619 000 ft-lb/s = 1125 hp. 

Further calculations indicate that the absolute velocity of the water changed from V, = 55.0 fps at entry to 
V 2 = 23.9 fps at exit while the velocity of the water relative to the blades changed from v, = 15.15 fps at entry to 
v 2 = 39.5 fps at exit. 



21.2 A 6-in-diameter pipe (/ = 0.020) of length 1000 ft delivers water from a reservoir with a water-surface elevation 
of 500 ft to a nozzle at elevation 300 ft. The jet from the nozzle is used to drive a small impulse turbine. If the 
head loss through the nozzle can be expressed as 0.04 Vj/2g, find the jet diameter that will result in maximum 
power in the jet. Neglect the head loss at entrance to the pipe from the reservoir. Evaluate the power in the jet. 

I Energy equation: 500 x 0.02(1000/0.5)(V^/2g) - 0.04(Vj/2g) = 300 + (Vj/2g). If we define the pipe 
diameter and velocity as D p and V p and the jet diameter and velocity as D ; and V jt from continuity we get 
A p V p =AjVj, D 2 p V p = DjVj. 

Since the pipe diameter D p = 0.50 ft, 0.25Vj, = D)Vj and V p = 4 D)Vj. Substituting this expression for V p in the 
energy equation gives 200 — (V , ; 2 /2g)(1.04 + 640D 2 ). 

Assuming different values for D jt we can compute corresponding values of V, and Q, and then the jet power 
can be computed using p jet = [yQ(y?/2g)]/550. The results are shown in the table on page 639. 

Thus a 2-in-diameter jet is the optimum; it will have about 30 hp. 

An alternative procedure for solving this problem is to set up an algebraic expression for the power of the jet, 
/%„ as a function of the jet diameter, D r and differentiate with respect to D t and equate to zero to find the 
value of Dj for which P jet is a maximum. 
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Dj, in 

D„ft 

Vj,tps 

A Jt ft 2 

Q=AjVj,ds 

— 

1.0 

0.083 

111 

0.0054 

0.60 

12.8 

1.5 

0.125 

105 

0.0122 

1.28 

24.2 

2.0 

0.167 

91 

0.0218 

2.00 

29.8 

2.5 

0.208 

76 

0.0338 

2.57 

26.2 

3.0 

0.250 

60 

0.0491 

2.94 

18.8 

4.0 

0.333 

38 

0.0873 

3.29 

8.4 

6.0 

0.500 

18 

0.197 

3.49 

1.9 


21.3 A turbine is to operate at 400 rpm under a net head of 1320 ft. If a single 6-in-diameter water jet is used, find 
the specific speed of this machine assuming C„ = 0.98, <p = 0.45, and r? = 0.85. Find also the required pitch 
diameter of the wheel. 

I V = C v y/2gh = 0.98V(64.4)(1320) = 286 fps Q=AV = (0. 196)(286) = 56.0 cfs 

bhp = r)(yQh/55Q) = 0.85[(62.4)(56)(1320)/550] = 7130 
N s = Wbhp//i 5/4 = 400V7130/(1320) S/4 = 4.25 u = <pV2gh = 0.45V(64.4)(1320) = 131.2 fps 
N = 400 rpm = u(60)/nD = (131.2)(60 )/jiD D = 6.26 ft = 75.2 in 

21.4 In lieu of the single impulse wheel of Prob. 21.3, suppose that three identical single-nozzle wheels are to be 
used, operating under the same head of 1320 ft. The total flow rate is to be 56.0 cfs. Determine the required 
specific speed of these turbines, their pitch diameter, the jet diameter, and the operating speed. Once again, 
assume C„ = 0.98, <p = 0.45, and tj = 0.85. 

f g=f = 18.7cfs bhp = 2^ = 2377 N s = aV2377/(1320 5/4 ) = N(0.00613) 

N = 131.2(60 )IjtD = 2056/D 

From the two preceding expressions it is apparent that the required N s depends on the operating speed, as does 
D. Hence there are a number of possible answers. If we let the operating speed be 400 rpm (18-pole generator 
for 60-cycle electricity), N s = 400(0.00613) = 2.45, D = w = 6.26 ft = 75.2 in. Thus three TV, = 2.45 wheels of 
pitch diameter 75 in operating at 400 rpm would suffice. These wheels would have relatively small buckets. At 
such a low specific speed the optimum efficiency of impulse wheels is usually less than 0.85. An alternative 
solution, for example, would be to use an operating speed of 600 rpm (12-pole generator for 60-cycle 
electricity). For this case, N, = (600)(0.00613) = 3.68, D = w = 4.18 ft = 50.1 in. Thus three N s = 3.68 wheels, 
of pitch diameter 50.1 in, operating at 600 rpm would suffice. 

Let us now determine the required jet diameter for these 50.1-in-diameter wheels operating at 600 rpm: 

Q = AV = (jtD, 2 /4)(286) = 18.7 cfs from which D, = 0.289 ft = 3.46 in. 

21.5 A two-nozzle single-wheel turbine, with C„, <p, and t) as in Prob. 21.3, is designed to operate under a head of 
1300 ft with a total flow of 56 cfs. Express the specific speed N s and pitch diameter D as functions of the rotation 
speed N. 

I Vj = C v (2gh) m = (0.98)[(2)(32.2)(1300)] 1 ' 2 = 283.6 fps Q, = A,V, = (A ; )(283.6) = f 

Aj = 0.09873 ft 2 jtD, 2 /4 = 0.09800 D, = 0.3546 ft or 4.25 in 
bp/ = (v)(YQih)l 550 = (0.85)(62.4)(28.0)(1300)/550 = 3510 bhp per jet 
N s = A(bhp)° 5 //i 5 ' 4 = (/V)(3510)" 5 /1300 5/4 = 0.007590/V 
D = m<p(2gh) v2 /nN = (60)(0.45)[(2)(32.2)(1300)j 1/2 /(jt7V) = 2487 /N 


21.6 


A series of vanes is acted on by a 4-in water jet having a velocity of 102 fps, = /3, = 0°. In terms of the vane 
velocity v, find the blade angle ft 2 that makes the force acting on the vanes in the direction of the jet equal 
210 lb. Neglect friction. 

f From the velocity vector diagram of Fig. 21-2, 

AV X = (u + v 2 cos p 2 )-V { Q = AV, =f [(jtt)(^) 2 /4](102) = 8.901 ft 3 /s 
F x = pQ(—AV x ) = -pQ[(u + v 2 cos /3 2 ) — F,] 210 = —(1.94)(8.901)[(u + v 2 cos /S 2 ) — 102] 

u + v 2 cos p 2 = 89.8 u 2 = u i = 102 — u u + (102 — m) cos )S 2 = 89.8 


f} 2 - arcos 


89.8 u 
102 -u 
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21.7 Under a net head of 1 ft, the Pelton wheel for Fig. 21-3a discharges 0.288 cfs at full nozzle opening and the \ 
maximum power is 0.026 bhp for a value of <f> = 0.465. The corresponding brake torque is 3.70 ft-lb as shown in ] 
Fig. 21-36. Assuming that the similarity laws apply precisely, determine the discharge, torque, power, and 
rotative speed of this wheel when it operates under a head of 1600 ft. 

I On Fig. 21-3a, 6, = 1.0 ft, </> = 0.465, g, =0.288 cfs, T, = 3.70 ft-lb, bhp, = 0.026, and r = 1 ft. 

w, = (<p)(2gh l ) ln = (0.465)[(2)(32.2)(1.0)] l/2 = 3.732 fps w, = ujr = 3.732/1 = 3.732 rad/s 
From the similarity laws, Q<*h ia , T<*h, w^h' n , and bhp«6 3/2 . At h 2 = 1600ft, 

Q 2 = (0.288)(1600) 1/2 = 11.5 ft 3 /s T 2 = (3.70)(1600) = 5920 ft-lb 
w 2 = (3.73)(1600) 1/2 = 149.2 rad/s or 1425 rpm bhp 2 = (0.026)(1600) 3/2 = 1664 

21.8 A wheel and nozzle similar to that of Fig. 21-3a and 6 with a pitch diameter of 12 ft is used under a net head of 
1500 ft. What are the torque, power, and rotative speed at point of best efficiency for full nozzle opening? 

f In Fig. 21-3a, <p r = 0.46. In Fig. 21-36, for <p = 0.46, nozzle fully open, T = 3.76ft-lb. 

u = {<p){2gh) m = (0.46) [(2)(32.2)(1)] 1/2 = 3.691 fps (o = u/r = 3.691/1 = 3.691 rad/s 

bhp = Tu/550 = (3.76)(3.691)/550 = 0.02523 N = 60 ulnD = (60)(3.691)/[(nr)(2)] = 35.25 rpm 

For a 12-ft-diameter wheel and 1500 ft head, T = (3.76)(^) 3 (1500) = 1.22 x 10 6 ft-lb, P = 

(0.02523)(t) 2 (1500) 3/2 = 52 770 hp, N = (35.25)(1500) 1/2 /6 = 228 rpm. 



Fig. 21-3(«) 

Relation between power and speed at constant head with maximum nozzle opening. (From tests made by F. G. 
Switzer and R. L. Daugherty.) 
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Fig. 21-3(6) 

Relation between torque and speed at constant head. (From tests made by F. G. Switzer and R. L. Daugherty.) 

21.9 Find the torque and power transferred to the buckets of an impulse wheel with a, = 0°, f$ 2 = 160°, k = 0.44, 

<p = 0.46, C v = 0.98, a jet diameter of 10 in, and a pitch diameter of 10 ft. Find also, the hydraulic efficiency, 
and, expressed as a percentage of the total head, find the head loss in bucket friction, the energy head loss at 
discharge, and the head loss in the nozzle. 

f For operation under the purely artificial value of 1-ft net head, u = $V2g = 8.02<£ = 3.68 fps, V, = 

0.98\/2g = 7.86 fps, and yQ = yAV = (62.4)(0.545)(7.86) = 267 lb/s. Hence, the expression for the torque 
exerted on the wheel by the water is T = (r)(F„) = 5(267/32.2)[1 + (0.940/1.2)](8.02)(C„ — $). With C„ = 0.98 
and <p = 0.46, T = 309 ft-lb. The power transferred from the water to the buckets is F u u = Tu> = T(u/r) = 
309[(0.46)(8.02)/5] = 228 ft-lb/s. The power input is yQh = 267(1) = 267 ft-lb/s. The hydraulic efficiency is 
Mj = 0.85. Note that the answers given here are for h = 1 ft. For other values of h, the flow rate, torque, and 
power can be found by adjusting the values for h = 1 ft according to s imilar ity laws. 

Under 1-ft head, u, = V, — u = 7.86 — 3.68 = 4.18 fps and v 2 = v,/Vl + k = 4.18/V1-44 = 3.48 fps. Hence the 
head loss in bucket friction is 0.44(3.48) 2 /2g = 0.083 ft, or 8.3 percent. V 2 cos a 2 = u + v 2 cos /3 2 = 3.68 + 

3.48 cos 160° = 3.68 - 3.27 = 0.41 fps, V^sin ac 2 = u 2 sin j8 2 = 3.48 sin 160°= 1.19 fps. Hence cot ar 2 = 0.41/1.19 = 
0.344 or a 2 = 71°, and V 2 = 1.19/0.945 = 1.26 fps from which the energy head loss at discharge is 1.26 2 /2g = 
0.025 ft, or 2.5 percent. The head loss in the nozzle is approximately (1 /Cl — l)V?/2g, about 4.0 percent; so the 
total hydraulic loss is 8.3 + 2.5 + 4.0 ~ 14.8 percent, which gives a close check on the computed hydraulic 
efficiency of 85 percent. 

21.10 A nozzle having a velocity coefficient of 0.98 discharges a jet 6 in in diameter under a head of 900 ft. The wheel 
diameter is 8 ft, jS 2 = 170°, a, = 0°, k = 0.5, and the mechanical efficiency of the wheel is 96%. Calculate the 
hydraulic efficiency and the gross efficiency, assuming $ = 0.45. 

f Nozzle efficiency = 0.98 2 = 0.9604, r) h = (2)[1 — (cos jS 2 /Vl + Xc)](C,, — $)($) = 

(2)[1 - (cos 170 o /Vl + 0.5)](0.98 — 0.45)(0.45) = 0.861. As C„ is included, rj h is here the hydraulic efficiency of 
both the wheel and the nozzle, t] = r] h i} m = (0.861)(0.96) = 0.830. 

21.11 A 24-in Pelton wheel is tested under a head of 65.5 ft. For a certain nozzle setting, the net brake load at 276 rpm 
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is 40 lb at a brake arm of 5.0 ft, and the discharge is 1.90 cfs. What are the brake horsepower and efficiency 
under these conditions? 

| t 2 = dW = (5.0)(40) = 200 ft-lb co = limits = (2)(jt)( 276)/60 = 28.9 rad/s 

bp = T 2 w = (200)(28.9) = 5780 ft-lb/s or 10.5 hp 
P„ — QyH = (1.90)(62.4)(65.5) = 7766 ft-lb/s or 14.1hp r? = 10.5/14.1 = 74.5% 

21.12 Supposing the bearing-friction and windage losses in Prob. 21.11 to be 0.2 hp, calculate the mechanical 
efficiency and the hydraulic efficiency. 

f Bearing-friction and windage loss = 0.2/10.5 = 0.019, or 1.9 percent. 

T) m = 100 -1.9 = 98.1 percent r) h = ri/(r) v r} m ) t] v = 1 
r] h = 0.745/[(l)(0.981)] = 0.759 or 75.9 percent 

21.13 Find the approximate hydraulic efficiency of an impulse wheel for which the nozzle velocity coefficient is 0.96 
and the bucket angle is 165°, if <p = 0.46 and k = 0.1. 

I r) h = (2)[1 - (cos 0 2 /Vmj](C u - 4>)(4>) = (2)[1 - (cos 1657Vl+0.1)](0.96 - 0.46)(0.46) 

= 0.884 or 88.4 percent 

21.14 A double-overhung impulse-turbine installation is to develop 20 000 hp at 275 rpm under a net head of 1100 ft. 
Determine N s , wheel-pitch diameter, and approximate jet diameter. 

I N s = NP 0S /H 5 ' 4 = (275)(20 000/2)° 7ll00 5/4 = 4.34 

D = 153.2 <pVh/N = (153.2)(0.45)(VTT0O)/275 = 8.31 ft 
Dj = 0/12 = 8.31/12 = 0.6925 ft or 8.31 in 

21.15 Repeat Prob. 21.14 for a single wheel with a single nozzle. 

f N s — (275)(20 000/1)° 71100 5 ' 4 = 6.14. Noting the computation of D in Prob. 21.14, D is unchanged; hence, 

D, = 8.31 in. 

21.16 Repeat Prob. 21.14 for a single wheel with four nozzles. 

f N, = (275)(20 000/4)° VllOO 5 ' 4 = 3.07. Noting the computation of D in Prob. 21.14, D is unchanged; hence, 

Dj = 8.98 in. 

21.17 An impulse turbine ( N s = 5) develops 105 800 hp under a head of 2050 ft. For 60-Hz electricity calculate the 
turbine speed, wheel diameter, and number of poles in the generator. Assume <j> = 0.45. 

f N s = NP°- 5 /H 5 ' 4 5 = (N)(105 800)" V205a 5 ' 4 N = 212 rpm = 7200/A tX)les 

Wpo les = 7200/212 = 34 D = 153.2 ^>Vh/N = (153.2)(0.45)(V2050)/212 = 14.72 ft 

21.18 Rework Prob. 21.17 for a six-nozzle unit using the same N s , bhp, and head. 

I N s = NP°- 5 /H 5 ' 4 5 = (AO(105 800/6)“72050- V4 N = 519 rpm = 7200/ 

= 7200/519 =14 D = 153.2 <pVh/N = (153)(0.45)(V5050)/514 = 6.06 ft 

21.19 Making suitable assumptions, estimate the wheel diameter and the rotative speed of a turbine that will develop 
14 900 bhp under a head of 995 ft. 

f N s = NP° 5 /H 5 ' 4 . Best efficiency occurs at N s < 4.5. Assume N s = 4: 4 = (N)(14 900)° 7995 5/4 , N = 183 rpm, 

D — 153.2 (p'/h/N. Assume synchronous speed = 180 rpm and (p = 0.46: D = (153.2)(0.46)(V995)/180 = 12.35ft. 

21.20 An 18-in-diameter model turbine is operated at 600 rpm under a total head of 55.0 ft; the brake horsepower and 
flow are measured as 330 and 61 cfs. Calculate (a) the specific speed, ( b) the value of <p, (c) the efficiency, and 
(d) the shaft torque. 

I (a) N s = NP°' 5 /H 5 ' 4 = (600)(330)°755.0 5 ' 4 = 72.8 

(b) 4> = u/(2gh) V2 = (2xN/6())r/(2gH) U2 = [(2)(jr)(600)/60][9/12]/[(2)(32.2)(55.0)] l/2 = 0.792 
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(c) tj = P /yQH = (330)(550)/[(62.4)(61)(55.0)] = 0.867 or 86.7 percent 

(d) T = PI a = (330)(550)/[(2jr)(600)/60] = 2889 ft-lb 

21.21 Refer to Prob. 21.20. ( a ) What would be the efficiency of a 12-ft-diameter prototype turbine? (6) If the 
prototype is to operate at 140 rpm under a net head of 202 ft, find its horsepower output and flow rate. 

f (a) (1 - rj 2 )/(l-»},) = (A/D 2 ) ,/5 (1 — »] 2 )/(l ~ 0.867) = (1.5/12) 1 ' 5 t] 2 = 0.912 or 91.2 percent 

(6) N s = NP 0 - 5 /H 5 ' 4 72.8= 140P‘ )5 /202 5/4 P = 156 800 bhp 

P = QyH /550 156 800 = (Q)(62.4)(202)(0.912)/550 Q = 7502 ft 3 /s 

21.22 A single turbine with N s ~ 25 is to develop 4180 hp under a head of 245 ft. What rotative speed would occur 
with 50-Hz electricity? How many poles should the generator have? 

I N s = NP a5 /H 51 * 25 = (A0(4180)°7245 5 ' 4 N = 375 rpm 

For 50 cycles, = 6000/A = = 16. 

21.23 The Francis turbine for which the test curves are shown in Figs. 21-4a and b has a 27-in-diameter runner and a 
maximum efficiency of 86% when discharging 39 cfs and developing 560 bhp at 600 rpm under a net head of 
142.0 ft. Compute N s , <t> e , and C r , assuming B/D =0.15. 

I N, = NP 05 /H 5H = (600)(560)°' s /142.0 5/4 = 29.0 ND = 153.20VH 

(600)(i) = (153.2)(<k)Vl42 </>, = 0.740 

C r = N?/[(63 800)(^)(B/Z))(rj)] = (29.0) 2 /[(63 800)(0.740) 2 (0.15)(0.86)] = 0.1866 V r = Q/A c 
A c = 0.95nr(B/D)D 2 = (0.95)(nr)(0.15)(g) 2 = 2.266 ft 2 V r = 39/2.266 = 17.21 fps 
C r = V r /(2gH)‘ 12 = 17.21 /[(2)(32.2)(142.0)] 1/2 = 0.1800 (a good check) 

21.24 If a turbine homologous to that in Prob. 21.23 were made with a runner diameter of 130 in, what would be its 
probable efficiency under the same head? 

I (1 - J| 2 )/(l - i/,) = (DJD 2 ) V5 (1 — r> 2 )/(l — 0.86) = (27/130) 1/5 r) = 0.898 = 89.8% 

21.25 The turbine of Prob. 21.23 has a horizontal shaft, and at the time of the test the centerline of the shaft was 
12.70 ft above the surface of the water in the tailrace. The discharge edge of the runner at its highest point is 
0.85 ft above the centerline of the shaft. Evaluate the cavitation factor a, assuming a barometric pressure of 
14.6 psia and a vapor pressure of 0.5 psia. 

I o = {p M Jy-p v ly - z mn )/h Patm/V = (14.6)(144)/62.4 = 33.69 ft 

pjy = (0.5)(144)/62.4 = 1.15 ft z max = 12.70 + 0.85 = 13.55 ft 
a = (33.69 - 1.15 - 13.55)/142 = 0.134 

21.26 If the critical value of the cavitation factor for the turbine of Prob. 21.25 is 0.06, compute the maximum 
allowable height of the centerline of the shaft above the tailwater surface. 

* z ma x = p*jy-pjy - o c h = 33.69 - 1.15 - (0.06)(142.0) = 24.02 ft 

Height to centerline of shaft = 24.02 — 0.85 = 23.17 ft 

21.27 Rework Prob. 21.26, if the total head on the turbine is 420 ft. 

f Zmax = P«Jy-pJy-o c h = 33.69- 1.15- (0.06X420) = 7.34ft 

Height to centerline of shaft = 7.34 — 0.85 = 6.49 ft 

21.28 Find the maximum permissible head under which an axial-flow turbine {N s = 160) can operate if it is set 6 ft 
below the tailwater. The installation is at elevation 3150 ft where p atm = 14.15 psia, and the water temperature is 
65 °F. Assume a c = 0.90. 

f z max =p M Jy-pJy~o c h —6 = (14.15)(144)/62.4 — 44.4/62.4 — 0.90h h=42.2ft 

21.29 In Prob. 21.23, the Francis turbine has frictional losses of 2.8 hp. Assuming that the leakage is 1% of the 
measured discharge and that a 2 = 90°, find the values of i) h , a u and j8,. 
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Values of <p 



Fig. 21-4(a). Francis turbine operating at variable speed under constant head with constant gate opening. 
Runner diameter = 27 in, head = 140.5 ft. 
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Fig. 21-4(6). Francis turbine operating at constant speed and variable gate opening. Runner diameter = 27 in. 

f ?)„ = 99% = 0.99 t] m = bp I (bp +fp) = 560/(560 + 2.8) = 0.995 

r) h = 0.86/[(0.99)(0.995)] = 0.873 C, = cos a, = 0.873/[(2)(0.74)] = 0.5899 »/* = 2</>,C t cos a, 

tan art = (C, sin ar ! )/(C 1 cos ar,) = C,/(Ct cos art) = 0.1866/0.5899 = 0.3163 ar, = 17.55° 
cot 0, = (C, cos a-, - </>)/(C, sin a-,) = (C, cos or, - 0)/C r = (0.5899 - 0.74)/0.1866 = -0.80439 p, = 141.2° 

A dam turbine has runner diameter 16' 6". The height of the guide vanes is 34.4 in. The turbine is rated at 
150 000 hp under a head of 331 ft at 120 rpm. At this power the efficiency is 88 percent and the absolute velocity 
of the water entering the runner is 77.2 fps. Compute the rated specific speed, </>, and Ct for this full-gate 
opening. 

I N s = NP° 5 /H 5 ' 4 = (120)(150000) a5 /331 5/4 = 32.9 <p = u l /(2gH) m 

Ul = rco = r(2nN/60) = [16.5/2][(2)(jt)( 120)/60] = 103.7 ft/s 
<p = 103.7/[(2)(32.2)(331)] 1 ' 2 = 0.710 C, = V,/(2 gh) 112 = 77.2/[(2)(32.2)(331)] 1/2 = 0.529 
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21.31 For the data of Prob. 21.30, find C r , a t , and fi x . 

| c= v r /(2gh)' a V r = Q/A c A c = 0.95izBD = (0.95)(jr)(34.4/12)(16.5) = 141.2 ft* 

_ bhp (150000)(550) = 4539 cfe y = 4539 / 14L2 = 32.15 fps 
y yHi) (62.4)(331)(0.88) 

C r = 32.15/[(2)(32.2)(331)] 1/2 = 0.220 sin a , = C/C, = 0.220/0.529 = 0.415879 a, = 24.6 
tan = (C, sin ,*,)/(</> - C, cos cr,) = (0.529)(sin 24.6“)/[0.710 - (0.529)(cos 24.6°)] = 0.96157 /l, = 43.9“ 

21.32 How many identical turbines, operating at 139.0 rpm and 91% efficiency, are needed to exploit a head of 1200 ft 
and a flow of 1660 ft 3 /s? 

| bh = riQYHj5 50 = (0.91)(1660)(62.4)(1200)/550 = 206000. From Fig. A-42, A, £ 5.4. Let x = number of 
identical turbines. A s > NP^/H?\ 5.4 = (139.0)(206000/x)°7l20r 4 , x = 2.7; use three turbmes. 

21.33 A Francis turbine, working a total head of 102 ft, is to produce 25 000 hp at maximum efficiency. What speed 
and diameter should this turbine have? 

f Fo, a Francis turbine. At, = 20 to 80; try IV. - 50: N,. 50 - N(25' 103 

D = 153.2 4>VH/N. From Fig. A-43 for N, = 50, (j> e = 0.78. D - (153.2)(0.78)Vl02/103 11.70 ft. 

21.34 Solve Prob. 21.33 for a propeller turbine. 

I For a propeller turbine, N s = 100 to 250; try N, = 120: N s = 120 = ^251000^_ 

N = 246 rpm; D = 153.2 4>Vh/N. From Fig. A-43 for N, = 120, <t> r = 1.63. D - (153.2)(1.63)V102/246 

10.25 ft. 

21.35 How may poles should a 50-Hz generator have, if it is connected to a turbine operating under a design head of 
3000 ft with a flow of 82 cfs? Assume turbine efficiencies as given in Fig. A-44 and avoid cavitation. 

I N s = NP" */H* 14 . From Fig. A-42, we must use N s £ 3; use N s = 3. 

P = rjQyH/550 = (0.84)(82)(62.4)(3000)/550 = 23 444 hp 


21.36 


_(50)(120)_ 


435 


= 13.8 


21.37 


21.38 


3 = (A)(23 444)" 73000 s ' 4 N = 435 rpm : 

Use a 12- or 14-pole generator. 

A turbine is to be installed where the net available head is 186 ft, and the available flow will average 885 cfs 
Specify type, operating speed, and number of generator poles for 60-Hz electricity if the turbine is to have the 
highest tolerable specific speed without cavitation. Assume the turbine is set 5 ft above tailwater and 91 % 
efficient. Approximately what size of runner is required? 

| N s = N P 0 ' 5 / H 51 * bhp = t]QyH/550 = (0.91)(885)(62.4)(186)/550 = 16995 

From Fig. A-42 for H = 186 ft and draft head = +5 ft, highest tolerable N s = 50. 50 = (N)( 16 995)" 5 /186 5 ' 4 , 

N = 263 rpm. With 60-cycle electricity, a 28-pole generator will operate at -jr - 257 rpm. So use a 28^pole 
generator operating at 257 rpm. N. = (257)(16995)« 5 /186 s/4 = 48.8. Use a Francis turbine with N s - 48.8. 

D = 153.3 <pVH/N = (153.2)(0.78)(Vl86)/257 = 6.34 ft. 

Repeat Prob. 21.36 for the following data: head, 176 ft; flow, 1000 cfs; 60-Hz power; draft head. 10 ft; 
efficiency, 90%. 

| w _ np°s/h 5 '*. From Fig. A-42 for H = 176 ft and draft head = +10 ft, A, £ 48. 

bhp = vQyH , 550 = (0.90)(1000)(62.4)(176)/550 = 17 971 48 = (*)(17 971) M /176 W4 N = 230 rpm 

N = 7200/A = W *31; use 32 poles. 32 = 7200/A, A = 225 rpm; A= (225)(17 971) ,,5 /176 5 ^=4T 1; use a 
Francis rurbinc. From Fig. A-,3 ta N, = 47.5, ♦, = 0.77. D = 153.2gr VS/N - ( 153.2)(0.77,(Vn6)/225 - 
6.96 ft. 

For the data of Prob. 21.37, select a set of identical turbines to be operated in parallel. Specify the speed and 
size of the units. 
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I N s = NP°- 5 /H s,/> AT, <48 bhp = 17 971/2 = 8986 

48 = (A0(8986)°7176 5/4 TV = 325 N polcs = 7200/N 

Wp* = If = 22.2; use 22 poles. 22 = 7200/A, jV = 327; A/ = (327)(8986)° 7l 76 5/4 = 48.4. From Fig. A-43 for 
N s =48.4, <f> e = 0.75. D = l53.2<pVh/N = (153.2)(0.75)(Vl76)/327 = 4.66ft. 

21.39 Water enters a rotating wheel with a relative velocity of 198 fps; r, = 4.0 ft, r 2 = 3.0 ft, and N — 425 rpm. There is 
no pressure drop in flow over the vanes. Assume k = 0.2. Find the relative velocity at discharge. 

I With no pressure drop, (V\ - u\)!2g - (Vj - u\)/2g = kVl/2g, u = nDN/60. 

u, = (jt)[( 2)(4)|(425)/60 = 178.0 ft u 2 = (rr)[(2)(3)](425)/60 = 133.5 ft 

(198 2 - 178.0 2 )/[(2)(32.2)] - (V\ - 133.5 2 )/[(2)(32.2)] = 0.2F|/[(2)(32.2)] V 2 = 145 fps 

21.40 Water enters a rotating wheel in such manner that the passages are completely filled. If Q— 406 cfs, a, = 10ft 2 , 
a 2 = 8 ft 2 , r, = 1.5 ft, r 2 = 1.0 ft, N = 538 rpm, and k = 0.2, find the drop in pressure head between entrance and 
exit. 

I ( 1 pJy-P 2 ly) + {V\-u\)l2g-(yl-u\)l2g = kVll2g VJ-fi/a.-l? = 40.6 fps 

y 2 = 426 = 50.8 fps u = hDN/60 

n, = (^)[(2)(1.5)](538)/60 = 84.51 fps u 2 = (nr)[(2)(1.0)](538)/60 = 56.34 fps 
(Pt/Y-Pi/r) + (40.6 2 - 84.51 2 )/[(2)(32.2)] - (50.8 2 - 56.34 2 )/[(2)(32.2)] = (0.2)(50.8 2 )/[(2)(32.2)] 

PylY-pJr= 103 ft 

21.41 It is desired to develop 300 000 hp under a head of 48 ft and to operate at 60 rpm. How many Francis turbines 
with a specific speed of 80 are required? 

I N S = NP° S /H 5 ' 4 80 = 60P°' 5 /49 5/4 P = 29 879 bhp 

Number of units required = 300 000/29 879 = 10.0. 

21.42 Air flows steadily, as shown in Fig. 21-5, through a turbine which produces 700 hp. For the inlet and exit 
conditions shown, estimate (a) the exit velocity V 2 and ( b ) the heat transferred Q. 

f (a) The inlet and exit densities can be computed from the perfect-gas law: p, = pjRT\ = 
150(144)/[1715(460 + 300)] = 0.0166 slug/ft 3 , p 2 = p 2 /RT 2 = 40(144)/[1715(460 + 35)] = 0.00679 slug/ft 3 . The 
mass flow is determined by the inlet conditions m = p,A, V t = f0.0166)(jr/4)( ft) 2 (100) = 0.326 slug/s. Knowing 
mass flow, we compute the exit velocity 

m = 0.326 = p 2 A 2 V 2 = (0.00679)(>r/4)(£) 2 F 2 or V 2 = 245 fps 

( 6 ) The steady-flow energy equation applies with W„ = 0, z, = z 2 , and h=c p T: 

Q = W S + m(c p T 2 + \V\ — c p T, — {V 2 ,) 

Q = 700(550) + 0.326[6003(495) + ^245) 2 - 6003(760) - i(100) 2 ] = -125 000 ft-lb/s 
The negative sign indicates that this heat transfer is a loss from the control volume. 



D x = 6 in 
p y = 150 Ib/in 2 
Ty = 300° F 

Vy = 100 ft/s 



D 2 — 6 in 
p 2 = 40 lb/in 2 
T 2 = 35°F 


Fig. 21-5 
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21.43 


21.44 


21.45 


21.46 


21.47 


A hydroelectric power plant (Fig. 21-6) takes in 30 m 3 /s of water through its turbine and discharges it at 

V 2 = 2 m/s at atmospheric pressure. The head loss in the turbine and penstock system is h f = 20 m. Estimate the 

power extracted by the turbine. 

I (Pi/ PS) + (Ti/2g) + z, = (p 2 lpg ) + (V 2 /2g) + z 2 + h s . We neglect viscous work and heat transfer and take 
section 1 at the reservoir surface, where Vj = 0 and p, = p a . Section 2 is at the turbine outlet. 

C Patpg) + ?(0) 2 + 100 = ( pjpg) + B(2) 2 /9.81] + 0 + hf + h, ( 1) 

With h f given as 20 m, we solve for h s = 100 - 20 - 0.2 = 79.8 m; then 

w, = Kg = (79.8)(9.81) = 783 m 2 /s 2 = 783 J/kg (2) 

The result is positive, as expected from our sign convention that work done by the fluid on a turbine is positive. 
The power extracted is P = mw, = pQw, = (1000)(30)(783) = 23.5 X 10 6 J/s = 23.5 MW. 



Turbine Fig. 21-6 

It is proposed to build a dam in a river where the flow rate is 10 m 3 /s and a 32-m drop in elevation can be 
achieved for flow through a turbine. If the turbine is 82 percent efficient, what is the maximum power that can 
be achieved? 

f P = t)yQH = (0.82)(9.79)(10)(32) = 2570 kW 

Steam enters a turbine at 400 psia, 600 °F, and 10 fps and is discharged at 100 fps and 20 psia saturated 
conditions. The mass flux is 2.0 lb/s, and the heat loss from the turbine is 6 Btu per pound of steam. Head losses 
and elevation changes are negligible. How much horsepower does the turbine develop? 

I Q-W s -W v = m(h 2 + Vl/2 -h,- V 2 J2). 1 Btu/lbm = 25 000 ft-lb/slug; hence, Q = 

(-6)(25 000)(2.0/32.2) = -9332ft-lb/s. From the steam tables: 

At 400 psia, 600 °F: /i, = 1306.6 Btu/lbm 

At 20 psia saturated: h 2 = 1156.4 Btu/lbm 

-9332 - W s - 0 = (2.0/32.2)[(1156.4)(25 040) + 100 2 /2 - (1306.6)(25 000) - 10 2 /2] 

W s = 224 337 ft-lb/s = 224 337/550 = 408 hp 

Investigate the possibility of using a Pelton wheel similar to Fig. A-45 to deliver 30 000 bhp from a net head of 
1200 ft. 

f From Fig. A-46, the most efficient Pelton wheel occurs at about N s —4.5 = (Af)(30 000) l ' z /(1200 ) 125 or 
N = 183 rpm. From Fig. A-45 the best operating point is <p ~ 0.47 = jtZ)( 3.06)/[2(32.2)( 12tM ))] 1/2 or D = 13.6 ft. 
This Pelton wheel is perhaps a little slow and a trifle large. You could reduce D and increase N by increasing N s 
to, say, 6 or 7 and accepting the slight reduction in efficiency. Or you could use a double-hung, two-wheel 
configuration, each delivering 15 000 bhp, which changes D and N by the factor 2 m . 

Double wheel: N = (183)2 l/2 = 259 rpm D = 136/2 1 ' 2 = 9.6 ft 

For the data given in Prob. 21.46, investigate the possibility of using the Francis-turbine family of Fig. A-47. 
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f The Francis wheel of Fig. A-47 must have N s = 29 = (N )(30 000) 1 / 2 /(1200 ) 1 25 or N = 1183 rpm. Then the a 
optimum power coefficient is C P . =2.10= P/pN 3 D 5 = 30 000(550)/[(1.94)( J |§ 3 ) 3 D 5 ] or D = 3.33 ft = 40in. This 1 
is a faster speed than normal practice, and the casing would have to withstand 1200 ft of water or about 
520 lb/in 2 internal pressure, but the 40-in size is extremely attractive. Francis turbines are now being operated at i 
heads up to 1500 ft. | 

21.48 A lawn sprinkler can be used as a simple turbine. As shown in Fig. 21-7a, the flow enters normal to the paper ia » 
the center and splits evenly into Q/2 and V TCl leaving each nozzle. The arms rotate at angular velocity m and do 
work on a shaft. Draw the velocity diagram for this turbine. Neglecting friction, find an expression for the 
power delivered to the shaft. Find the rotation rate for which the power is a maximum. 

f The velocity diagram for this turbine is shown in Fig. 2\-lb. 

P = (oT = pQ(u 2 V a - u, V„) = pQu(W -u) = pQcoR(V ret - wR) dP/du = pQ(W -2u) = 0 
u = W/2 or a>R = V r J2 P max = pQ(o)R) 2 = pQu 2 


"x e/2, K ie , 

/ \t 



(<*) 


;<—j v, = w -u 

w = V", u = (t)R Fig. 21-7 

(&) 


21.49 Apply the result of Prob. 21.48 to a nozzle flow of water, Q = 5 L/s, where the exit diameter is 1 cm. 

I P m ax « PQu 2 u = VJ2 V re , = (0/2)M exi , = [(5 x 10- 3 )/2]/[(^)(0.01) 2 /4] = 31.83 m/s 

u = 31.83/2 = 15.92 m/s P max = (998)(5 X 10 3 )(15.92) 2 = 1265 W 


21.50 Show that if the net head H is varied for a turbine operating at a given valve opening and efficiency, the speed 
will vary as H' a and the output power as hC a . 

f At constant efficiency, gH/N 2 D 2 is constant; and, since g and D are constant, H « N 2 . Hence, N « H' a . Also 
at constant efficiency, P/pN 3 D 5 is constant; and, since p and D are constant, P « N 3 oc ( H ,a ) 3 . Hence, P « H m . 

21.51 Turbines are to be installed where the net head is 398 ft and the flow rate is 250 000 gal/min. Discuss the type, 
number, and size of turbine which might be selected if the generator selected is (a) 48-pole, 60 cycle 

(n = 150 rpm); and ( b ) 8 -pole (n = 900 rpm). Why are at least two turbines desirable from a planning point of 
view? 

f Assume tj =90 percent. Select two turbines so that one will still be available for power if the other is shut 
down. 

(а) P = rjyQH = (0.90)(62.4)[(250 000)(0.002228)](398)/550 = 22 640 bhp 

N s = NP° 5 /H 5,i = (150)(22 640/2)° 5 /398 5/4 = 9.0 

Select two impulse turbines. <p — nNDl{2gH)' a . Estimate <f> = 0.47. 0.47 = (^)(^)(D)/[(2)(32.2)(398)] I/2 , 
D =9.60 ft. 

( б ) N s = (900)(22 640/2)° 5 /398 5 ' 4 = 53.9. Select two Francis turbines. C* = P/pN 3 D 5 . From Fig. A-47, 

C p 4 = 2 . 6 . 2.6 = (22 640/2)(550)/[(1.94)(W) 3 (£> 5 )], D = 3.26 ft. 

21.52 What type of turbine develops 54 000 bhp at 80 rpm under a head of 90 ft? Estimate the flow rate, 

f N s = AP“ 5 /tf 5/4 = (80)(54 000)° 5 /90 5,4 = 67.1 (Francis turbine) P = rjyQH 

From Fig. A-48, rj =93 percent: (54000)(550) = (O.93)(62.4)(0)(9O), Q = 5687ft 3 /s. 

21.53 What type of turbine delivers 25 000 bhp at 500 rpm under a net head of 5340 ft? Estimate the impeller 
diameter. 
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I N s = NP° 5 /H 51 * = (500)(25 000) a5 /5340 5/4 = 1.73 (impulse turbine) <j> = jiND!{ 2gH) m . 

Estimate <p = 0.47. 0.47 = (^)(l ! )(D)/[(2)(32.2)(5340)] 1,2 , D = 10.5 ft. 

21.54 A Pelton wheel of 12-ft pitch diameter operates under a net head of 1990 ft. Estimate the speed, power output, 
and flow rate for best efficiency if the nozzle exit diameter is 4 in. 

I Vj et = C v V2gH. Take C„ = 0.94: V iet = (0.94)V(2)(32.2)(1990) = 337 ft/s. <p = 7iND/(2gH) 1 ' 2 . Estimate <p = 
0.47: 0.47 = (jr)(N/60)(12)/[(2)(32.2)(1990)]‘' 2 , A = 268 rpm. 

Q =AV = [(^t)(-r) 2 /4](337) = 29.4 ft 3 /s P w = pQu(V iet - «)(1 - cos 0) 

Assume j 6 = 165°. 

u = Vj Ct /2 = 3 f= 168.5 fps P w = (1.94)(29.4)(168.5)(337 - 168.5)(1 - cos 165°)/550 = 5788 hp 
N , = NP° 5 /H 5/4 = (268)(5788)° V1990 5 ' 4 = 1.53 

Hence, t] = 0.75. P = (0.75)(5788) = 4341 hp. 

21.55 It is planned to use the Francis-turbine family of Fig. A-47 at an installation with a head of 602 ft and a flow rate 
of 198 ft 3 /s. What are the proper impeller diameter and the optimum speed and power produced? 

I N s = NP°- 5 /H 5/ \ P* = tiyQH. Estimate f) = 87 percent. 

P* = (0.87)(62.4)(198)(602)/550 =11 765 hp A4 = 29 29 = (A)(ll 765)° 5 /602 5 ' 4 N = 797 rpm 

C* H = gH/N 2 D 2 = 9.03 9.03 = (32.2)(602)/[(W) 2 (D) 2 ] D = 3.49 ft 

21.56 A giant wind-tunnel fan has rotor blades 125 ft in diameter. For a 20 mph wind (the optimum output), compute 
(a) the power generated, ( 6 ) the rotor speed, and (c) the velocity V 2 behind the rotor. 

f <«) (C„) m „ = P/(pAVV 2). From Fig. A-49, (C p ) m „ = 0.46. 

A = [(jr)(125) 2 /4] = 12 272 ft 2 V , = (20)(5280)/3600 = 29.33 fps 

0.46 = P/[(0.00233)(12 272)(29.33)72] P = 165 934 ft-lb/s = (165 934)(0.3048)(4.448)/1000 = 225 kW 
( 6 ) At P max , (or/V, = 5.5. (w)( 1 | 5 )/29.33 = 5.5, « = 2.581 rad/s, or 24.6 rpm. 

(c) From ideal theory, V 2 = VJ3, V 2 = 29.33/3 = 9.78 fps. 

21.57 A hydroelectric plant (Fig. 21-8) has a difference in elevation from head water to tail water of H = 50 m and a 
flow Q = 5 m 3 /s of water through the turbine. The turbine shaft rotates at 180 rpm, and the torque in the shaft is 
measured to be T = 1.16 x 10 5 N • m. Output of the generator is 2100 kW. Determine (a) the reversible power 
for the system, ( b ) the irreversibility, or losses, in the system, and (c) the losses and the efficiency in the turbine 
and in the generator. 



Fig. 21-8 
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f ( a ) The water’s potential energy per unit weight is H = 50 J/N. Hence, for perfect conversion the reversible 
power is yQH = (9806)(5)(50) = 2 451 500 J/s = 2451.5 kW. 

(A) The irreversibility, or lost power, in the system is the difference between the power into and out of the 
system, or 2451.5 - 2100 = 351.5 kW. 

( c ) The rate of work by the turbine is the product of the shaft torque and the rotational speed: 

Tea = (1.16 x 10 5 )fl80(2jr)/60] = 2186.5 kW. The irreversibility through the turbine is then 2451.5 - 
2186.5 = 265.0 kW, or, when expressed as lost work per unit weight of fluid flowing, 
(265.0)( J r 8 )(^Bg)(5) = 5.4 J/N. The generator power loss is 2186.5 — 2100 = 86.5 kW, or 
86.5(1000)/[9806(5)] = 1.76 J/N. Efficiency of the turbine r), is »?, = 100[(50 - 5.4)/50] = 89.2 percent and 
efficiency of the generator rj g is t] g = 100[(50 - 5.4 — 1.76)/(50 - 5.4)] = 96.1 percent. 


21.58 A turbine has a velocity of 6 m/s at the entrance to the draft tube and a velocity of 1.2 m/s at the exit. For 
friction losses of 0.1 m and a tailwater 5 m below the entrance to the draft tube, find the pressure head at the 
entrance. 

I pi/y = - 2 , - V\!2g + losses = -5 - 6 2 /[(2)(9.807)] + 1.2 2 /[(2)(9.807)] + 0.1 = - 6.66 m 


21.59 The wicket gates of the propeller turbine of Fig. 21-9 are turned so that the flow makes an angle of 45° with a 
radial line at section 1, where the speed is 4.005 m/s. Determine the magnitude of tangential velocity 
component V u over section 2. 

f Since no torque is exerted on the flow between sections 1 and 2, the moment of momentum is constant and 
the motion follows the free-vortex law V u r = constant. At section 1, V u] = 4.005 cos 45° = 2.832 m/s, V*,/-, = 
(2.832)(1.5/2) = 2.124 m 2 /s. Across section 2, V u2 = 2.124/r. At the hub, V u = 2.124/(0.45/2) = 9.44 m/s. At the 
outer edge, V u = 2.124/(1.2/2) = 3.54 m/s. 



Fig. 21-9 


21.60 Assuming uniform axial velocity over section 2 of Fig. 21-9 using the data of Prob. 21.59, determine the angle of 
the leading edge of the propeller at r = 0.225, 0.45, and 0.6 m for a propeller speed of 240 rpm. 

I At r = 0.225 m, u = ^(2nr)(0.225) = 5.66 m/s, V u = 9.44 m/s. At r = 0.45 m, u = W(2jt)( 0.45) = 11.3 m/s, 

V u = 4.72 m/s. At r = 0.6 m, u = w(2jt)( 0.6) = 15.06 m/s, V u = 3.54 m/s. The discharge through the turbine is, 
from section 1 ,Q = (0.6)(1.5)(w)(4.005)(cos 45°) = 8.01 m 3 /s. Hence, the axial velocity at section 2 is 
V a = 8.01/[jt(0.6 2 - 0.225 2 )] = 8.24 m/s. Figure 21-10 shows the initial vane angle for the three positions. 
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Fig. 21-10 


21.61 A Pelton wheel is to be selected to drive a generator at 600 rpm. The water jet is 75 mm in diameter and has a 
velocity of 100 m/s. With the blade angle at 170°, the ratio of vane speed to initial jet speed at 0.47, and 
neglecting losses, determine (a) diameter of wheel to centerline of buckets (vanes), ( 6 ) power developed, and 
(c) kinetic energy per newton remaining in the fluid. 

f (a) The peripheral speed of the wheel is w = 0.47(100) = 47 m/s. Then '™\2ji(D/2)\ = 47 m/s or D = 

1.496 m. 

(6) The power is P = pQuV r (\ - cos 0) = (1000)(?r/4)(0.075) 2 (100)(47)(100 - 47)[1 - (-0.9848)] = 

2.184 MW. 

(c) From Fig. 21.11, the absolute-velocity components leaving the vane are V x = (100 — 47)(—0.9848) + 

47 = —5.2 m/s, V y = (100 — 47)(0.1736) =9.2 m/s. The kinetic energy remaining in the jet is 
(5.2 2 + 9.2 2 )/[2(9.807)] = 5.69 J/N. 




21.62 A small impulse wheel is to be used to drive a generator for 60-Hz power. The head is 100 m, and the discharge 
is 40 L/s. Determine the diameter of the wheel at the centerline of the buckets and the speed of the wheel 

(C„ = 0.98). Assume efficiency of 80 percent. 

f The power is P = yQH„t\ = 9806(0.040)(100)(0.80) = 31.38 kW. By taking a trial value of N s of 15, 

N = N s H%*/y/P = 15(100 5/4 )/V31.38 = 847 rpm. For 60-Hz power the speed must be 3600 divided by the number 
of pairs of poles in the generator. For five pairs of poles the speed would be ^p = 720 rpm, an d for f our pairs of 
poles it would be pp = 900 rpm. The closer speed 900 is selected. Then N s = N\/P/Hl"' = 900V31.38/100 5 ' 4 = 
'15.94. For N s = 15.94, take <p = 0.448, u = <pV2gH a = 0.448V2(9.807)(T00) = 19.84 m/s and w = ^(2*) = 

94.25 rad/s. The peripheral speed u and D and w are related: u = ioD/2, D = 2u/w = 2(1 9.84)/94.25 - 421 mm. 
The diameter d of the jet is obtained from the jet velocity V 2 ; thus V 2 = C,,\/2gH a = 0.98V2( 9r807)(100) = 

43.4 m/s, a = Q/V 2 = (40 X 10“ 3 )/43.4 = 0.000922 m 2 = 922 mm 2 , d = Vial it = V922/0.7854 = 34.3 mm, where a 
is the area of jet. Hence, the diameter ratio Did is D/d = 421/34.3 = 12.27. The desired diameter ratio for the 
best efficiency is D/d = 206/jV, = 206/15.94 = 12.92 so the ratio Did is satisfactory. The wheel diameter is 
421 mm, and the speed is 900 rpm. 

21.63 If 24 m 3 /s of water flowing through the fixed vanes of a turbine has a tangential component of 2 m/s at a radius 
of 1.25 m and the impeller, turning at 240 rpm, discharges in an axial direction, what torque is exerted on the 
impeller? Neglecting losses, what is the head on the turbine? 
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f T = pQ[(rV,) m - (rV,) out ] = pQ(r t V ul - r 2 V u2 ) = (1000)(24)[(1.25)(2) - 0] = 60 kN • m 

To = QyH (60 000)[(1 ! )(2^)] = (24)[(9.79)(1000)](//) H = 6.42 m 

21.64 A turbine model test with 250-mm-diameter impeller showed an efficiency of 90 percent. What efficiency could 
be expected from a 1.5-m-diameter impeller? 

| r; 2 = 1 — (1 — D 2 ) y4 = 1 — (1 — 0.90)[0.250/1.5] 1/4 = 0.936 or 93.6% 

21.65 A tangential turbine develops 7200 hp at 200 rpm under a head of 790 ft at an efficiency of 82 percent, (a) If the 
speed factor is 0.46 compute the wheel diameter, the flow, the unit speed, unit power, unit flow, and specific 
speed. ( b ) For this turbine, what would be the speed, power, and flow under a head of 529 ft? (c) For a turbine 
having the same design, what size of wheel should be used to develop 3800 hp under a 600-ft head and what 
would be its speed and rate of discharge? Assume no change in efficiency. 

f (a) Since </> = D,A7(1840VW), A = 1840V790(0.46)/200 =119 in. From horsepower output = yQH/550, 

Q = (7200)(550)/[(62.4)(790)(0.82)] = 98.0 cfs. 

N„ = NDJ\fH = (200)(119)/V790 = 847 rpm P„ = P/D 2 ,H 312 = 7200/[(119) 2 (790) 3/2 ] = 0.0000229 hp 
Q u = QIDWH = 98.0/[(119) 2 V790] = 0.000246 cfs N, = nVp/H 5 ' 4 = 200\/7200/(790) 5/4 = 4.05 rpm 

( b ) Speed N = Nu\/H/D 1 = 847V529/119 = 164 rpm 
Power P = P U D 2 H 312 = 0.0000229(119) 2 (529) 3/2 = 3946 hp 

Flow Q = Q U D\\/H = 0.000246(119) 2 V529 = 80.1 cfs 

The above three quantities might have been obtained by noting that, for the same turbine (D, 
unchanged}, the speed Varies as H m , the power varies as H 3 ' 2 , and Q varies as H m . Thus 
N = 200Vi! = 164 rpm, P = 7200(fi) 3/2 = 3945 hp, Q = 98.0VH = 80.2 cfs. 

(c) From P - P u D\H m we obtain 3800 = 0.0000229 (£>,) 2 (600 ) 3/2 from which D 2 = 11 290 and D, = 106 in. 

N = N„Vh/D , = 847V600/106 = 196 rpm, Q = Q U DWH = 0.000246(11 290)V600 = 68.0 cfs. 

21.66 An impulse wheel at best produces 125 hp under a head of 210 ft. By what percent should the speed be 
increased for a 290-ft head? Assuming equal efficiencies, what power would result? 

f For t he same wheel, the speed is proportional to the square root of the head. Thus NjVHt = 

N 2 = N x VHjH, = N,Vfni = 1-175A/,. Thus, the speed should be increased 17.5 percent. 

N, = NP°- 5 /H 514 NiP f> { 5 /H\ ,4 = N 2 P°2 5 /H% 4 (M)(125) a5 /210 5/4 = (1.175A^,)(P2r 5 /290 5/4 P 2 = 203 hp 

21.67 The reaction turbines at the Hoover Dam installation have a rated capacity of 115 000 hp at 180 rpm under a 
head of 487 ft. The diameter of each turbine is 11 ft and the discharge is 2350 cfs. Evaluate the speed factor, the 
unit speed, unit discharge and unit power, and the specific speed. 

I <t> = D, A71840VS = (U)(12)(180)/(1840V487) = 0.585 N„ = D X Nl\[H = (U)(12)(180)/V487 = 1077 rpm 

Qu = Q/DWH = 2350/[(132) 2 V487] = 0.00611 cfs 
P„ = hp ID\H 312 = 115 000/[(132) 2 (487) V2 ] = 0.000614 hp N s = N U VP U = 1077V0.000614 = 26.7 

21.68 A single-stage impulse turbine receives from the nozzles 6 lbm/ft 3 of combustion products moving at 6000 ft/s. 
The radius R to the nozzles is 2 ft. Find the most efficient speed co of the turbine, given or, = 20°? If the turbine 
runs at 0.72 of this speed, how much power does it develop? 

f U, = Ra) = | V, cos or, (2)(<w) = j(6000) cos 20° w = 1410 rad/s = 13 460 rpm 

Actual speed = (0.72)(1410) = 1015 rad/s 

dWjdt = 2pQU,(V x cos or, - U.) = (2)(6/g)(2)(1015)[6000 cos 20° - (2)(1015)]/550 = 4963 hp 
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21.69 Three nozzles expand combustion products to a speed of 1800 m/s; the nozzles are at a distance ft=fl. 6 m from 
the axis of rotation. The density of the fluid as it reaches the turbine blades is 0.5 kg/m 3 . If the turbine is to 
rotate at its most efficient speed, 12 000 rpm, and if the power desired is 5900 hp, determine the exit areas of the 
nozzles. 

I t/, = |V, cos a (0.6)[(12 000)(2?r)/60] = |(1800) cos a, a, = 33.1° 

dWJdt = lpQU,(y s cos a, - U.) 

(5900)(745.7) = (2)(0.5)(Q)(0.6)[(12 000)(2jt)/ 60]{1800 cos 33.1° - [(0.6)(12 000)(2;r)/60]} 

Q = 7.74 m 3 /s 3(A)(V„) = 7.74 3(A)(1800 sin 33.1°) = 7.74 

A = 2.625 x 10 -3 m 2 = 2625 mm 2 

21.70 The effective head H for an axial-flow hydraulic turbine is 92 m and the volumetric flow Q is 21 m 3 /s. The radius 
R„ of the guide vanes is 1.6 m and the height b is 1 m. The exit flow is axial only and the guide vanes are at an 
angle a of 11.0°. Calculate the rotor angular velocity to. 

I g(AH) = (U.V.h ~ (U,V,) i- At any position r: 

(9-81)(—92) = —(co)(r)(V,), (1) 

From continuity: Q = (2)(ji)(R n )(b)(V„) sin a, 21 = (2jt)( 1.6)(1)(V 0 ) s > n 11°. Vo = 10.95 m/s. At any distance r: 

V, = ( V 0 R 0 cos ot)lr = [(10.95)(1.6) cos ll°]/r = 17.20/r (2) 

Replace (K,), in Eq. (1) using Eq. (2): (9.81)(92) = o>r(17.20/r), to = 52.5 rad/s = 501 rpm. 

21.71 The first stage of an axial-flow gas turbine has a hub-to-tip diameter ratio of 0.85 with the tip having a diameter 
of 4 ft. Air [/? = 53.3 ft-lbf/slug-°R] flows through the machine at 52 lbm/s. At the first stage, the pressure is 

4 atm and the temperature is 1800 °R. If or, = 38° and = 55° for the first stage and it is to develop 25 hp, at 
what speed should the rotor turn? 

I Find V a . 

Q = K(^/4){4 2 - [(0.85)(4)] 2 } ( 1) 

Also we can say Q = (52 /g)/p, p = p/RT = (14.7)(144)(4)/[(53.3)(32.2)(1800)] = 0.002741 slug/ft 3 , Q = 
(50/g)/0.002741 = 566.5 cfs. Go back to Eq. (1): 566.5 = V u (jz/4){4 2 - [(0.85)(4)] 2 }, V„ = 162.45 ft/s. Compute 
A H for the first stage. 

-AH(Qpg) = 25(550) AH = -(25)(550)/[(566.2)(0.002741)(32.2)] = -275 ft 
A Hg/U 2 = [1 - (VJU,)( cot or, + cot fS 2 )] U 2 - (162.45)(cot 38° + cot 55°)C, + (275)(32.2) = 0 
Iff - 322U, + 8855 = 0 U, = [322 ± V322 2 - (4)(8855)(1)]/(2)(1) (l/,), = 292 ft/s ( U,) 2 = 30.5 fps 

U, = R. dv a) 292 = (2 - 0.15)(«,) <w, = 157.8 rad/s = 1507 rpm 30.5 = (2 - 0.15)(<u 2 ) 

tu 2 = 16.49 rad/s = 157 rpm 

21.72 Water flows from an upper reservoir to a lower one while passing through a turbine, as shown in Fig. 21-12. 

Find the power generated by the turbine. Neglect minor losses. 

I P i/y + F,/2g + z, - E, =p 2 /r+ Vl/2g + z 2 + h L . From Fig. A-14, with Q =0.15 m 3 /s and D = 250 mm, 
h, = 0.037 m/m. 

h, =h f = (0.037)(100) = 3.70 m 0 + 0 + 197.3 — E, = 0 + 0 + 50.0 + 3.70 
E, = 143.6 m P = QyE, = (0.15)(9.79)(143.6) = 211 kW 
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Fig. 21-12 


21.73 Water is being discharged from a reservoir through a turbine, as shown in Fig. 21-13. What water-surface 
elevation is required in the reservoir in order for the turbine to generate 100 hp? Neglect minor losses. 

f Pxh + V\/2g + z, - £, = p 2 ly + V\l2g + z 2 + h L P = QyE, 100 = (20)(62.4)(E,)/550 £,=44.07 ft 

V 2 = Q/A 2 = 20/[(jr)(ff) 2 /4] = 2.829 ft/s 

From Fig. A-13, with Q = 20 ft 3 /s and D = 36 in. ft, = 0.00084 ft/ft. 

h L = h f = (0.00084)(270) = 0.23 ft 0 + 0 + z, - 44.07 = 0 + 2.829 2 /[(2)(32.2)] + 100 + 0.23 

2l = 144.4 ft 



Elev. 100 ft 


Fig. 21-13 


21.74 The flow rate of water through the turbine shown in Fig. 21-14 is 0.20 m 3 /s, and the pressures at points 1 and 2 
are 150 and —35.0 kPa, respectively. Determine the power generated by the turbine. 

I p t /y+ v 2 i/2g + z x - E,-p 2 /Y+ vl/2g + z 2 + h L p,/y = 150/9.79 = 15.32 m 

v, = Q/A x = 0.20/[(jr)(0.25)74] = 4.07 m/s 

v\/2g = (4.07) 2 /[(2)(9.807)] = 0.84 m z, = 1.00 m p 2 /y = -35/9.79 = -3.58 m 


t >2 = Q/A 2 = 0.20/[(jt)( 0.50) 2 /4] = 1.02 m/s v\!2g = (1.02)7[(2>(9.807)] = 0.05 m z 2 = 0 h L = V 
15.32 + 0.84 + 1.0 - E, = -3.58 + 0.05 + 0 + 0 E, = 20.69 m P = QyE, = (0.20)(9.79)(20.69) = 40.5 kW 
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21.75 


21.76 



Water flows from reservoir A to a turbine and then discharges into tailrace B, as shown in Fig. 21-15. The loss 
of head from A to point 1 is six times the velocity head in the pipe, and the loss of head from point 2 to B is 0.5 
times the velocity head in the pipe. If the flow rate in the pipe is 30.0 ft 3 /s and the diameter of the pipe is 24 in, 
calculate the horsepower being generated by the turbine. 

I PAlY + v 2 A l2g + z A -E,=p B lY + v 2 B l2g + z B + h L pjy = p B ly = v A /2g = v%/2g = 0 

v = Ql A = 30/[(jt)(2.0) 2 /4] = 9.55 ft/s 

v 2 /2g = (9.55)7[(2)(32.2)] = 1.416 ft h L from A to 1 = (6)(1.416) = 8.50 ft 
h L from 2 to B = (0.5)(1.416) = 0.71 ft 
0 + 0 +210-£, = 0 + 0 + 0 + 8.50 + 0.71 £, = 200.79 ft 

P = QyE, = (30)(62.4)(200.79) = 375 879 ft-lb/s = 375 879/550 = 683 hp 



Water is being discharged from a reservoir through a turbine, as shown in Fig. 21-16. Determine the elevation 
of the water surface in the reservoir that would be required in order for the turbine to generate 56 kW of power. 
Neglect minor losses. Assume C = 120 for all pipes. 

I pjy + v 2 ,/2g + 2 , - E, = p 2 ly + v\/2g + z 2 + h,_ p Jy=p 2 ly = v 2 J2g = 0 p = QyE, 

56 = (0.28)(9.79)(£,) £, = 20.43 m v\Hg = (Q/A) 2 /2g = {0.28/[(*)(0.60) 2 /4]}7[(2)(9.807)] = 0.05 m 

z 2 = 50 m 

With Q -- 0.28 m 3 /s and D = 300 m, (^ 1)300 = 0.050 m/m. With Q =0.28m’/s and D = 600 mm, (A ,) m 0 = 

0.0017 m/m. 







Hydraulic 


CHAPTER 22 

and Energy Grade Lines 


Plot the hydraulic grade line and the energy grade line for the pipe shown in Fig. 22-la. The turbine develops 
45 kW; the water is at 5 °C. ' 


f First compute a. 

(VV 2) + (p>/p) + 0 - (dWJdm) = (Vl/2) + (p 2 /p) + 0 + h L ( 1 ) 

dWJdm = (dWJ dt)(dt I dm) = (45 000)/[ V 2 (tt/4)(0. 3 2 )( 1000)] = 637/V 2 (2) 

h =/i(90/0.5)(F?/2) + />(90/0.3)( Vl/2) + 0.05(F?/2) + AT(V?/2) (3) 

Let/, = 0.023, / 2 = 0.0258: K = 0.5[1 — (0.3/0.5) 2 ]/(0.3/0.5 ) 4 = 2.47. Substitute the above results into Eq. (1) 
noting that F, = (0.3/0.5) 2 F 2 = 0.36K, 

[(0.36K 2 ) 2 /2] + (p,/p) - (637/K) = (F 2 /2) + (0.023)(90/0.5)[(0.36F 2 ) 2 /2] + (0.0258)(90/0.3)(F^/2) 

+ [(0.05)(0.36F 2 ) 2 /2] + [2.47(0.36V 2 ) 2 /2] (4) 

But, by Bernoulli’s equation, 90g = (pjp) + [(0.36F 2 ) 2 /2] + 0. Substitute this expression for (pjp) in Eq. (4) 
to find: 4.80F 2 - 90 gV 2 + 637 = 0. Solve by trial and error: V 2 = 13.18 m/s, V x = 4.74 m/s. 

At A: 

(W„ y d)« = 90 - (0.05)(4.74 2 /2g) - (0.023)(90/0.5)(4.74 2 /2g) (/f Hyd )„ = 85.2 m 


After contraction: 

AtB: 


(«H V d)„- = — (2.47)(4.74 2 /2g) + 85.2 = 82.4 m 
(H » yd ), = 82.4 - (0.0258)(45/0.3)(13.18 2 /2g) (H Hyd ) h = 48.1 m 


After turbine ( b '): (//„,„)*. = 48.1 - [637/(13.18)(g)] = 43.2 m 

AtC: 

(Wnyd), = 43.2 - (0.0258)(45/0.3)(13.18 2 /2g) = 8.9 m 
This just equals V\t2 g, the energy head at exit, as it must. The graphs are shown in Fig. 22-lb. 
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22.2 At a point A in a horizontal 12-in pipe (/ = 0.020) the pressure head is 200 ft. At a distance of 200 ft from A the 
12-in pipe reduces suddenly to a 6-in pipe. At a distance of 100 ft from this sudden reduction the 6-in pipe 
(/ = 0.015) suddenly enlarges to a 12-in pipe and point Fis 100 ft beyond this change in size. For a velocity of 
8.025 ft/s in the 12-in pipes, draw the energy and hydraulic grade lines. Refer to Fig. 22-2. 

f The velocity heads are V 2 2 /2g — (8.025) 2 /2 g = 1.00 ft and V\/2g = 16.0 ft. The energy line drops in the 
direction of flow by the amount of the lost head. The hydraulic grade line (gradient) is below the energy line by 
the amount of the velocity head at any cross section. Note (in Fig. 22-2) that the hydraulic grade line can rise 
where a change (enlargement) in size occurs. 

Tabulating the results to the nearest 0.1 ft. 




22.3 The elevations of the energy line and hydraulic grade line at point G are 44.0 and 42.0 ft, respectively. For the 
system shown in Fig. 22-3, calculate (a) the power extracted between G and H if the energy line at H is at 
elevation 4.0 and ( b ) the pressure heads at E and F which are at elevation 20.0. (c) Draw, to the nearest 0.1 ft, 
the energy and hydraulic grade lines, assuming K for valve CD is 0.40 and/ = 0.010 for the 6 -in pipes. 

f The flow must be from the reservoir since the energy line at G is below the reservoir level. GH is a turbine. 
Before the power extracted can be calculated, flow Q and the head extracted must be obtained. 

(а) At G, V 2 2 /2g = 2.0 (the difference between the elevations of the energy and hydraulic grade lines). Also 
V 2 J2g = (16)(2.0) = 32.0 and V\J2g = ^(2.0) = 0.13 ft. To obtain Q, V l2 = 11.34 ft/s and Q = 

^(1) 2 (11.34) = 8.91 cfs. h.p. = yQH t / 550 = 62.4(8.91)(44.0 - 4.0)/550 = 40.4 extracted. 

( б ) F to G, datum zero 

(Energy at F) - 0.030(t 2 )(2.0) = (energy at G = 44.0) Energy at F = 44.0 + 6.0 = 50.0 ft 
E to F, datum zero: 

(Energy at E) - (45.4 — 11.3) 2 /2g = (energy at F = 50.0) Energy at E = 50.0 + 18.0 = 68.0 ft 

z + V 2 /2g 

The pressure head at E = 68.0 - (20 + 32) = 16.0 ft water. The pressure head at F = 50.0 — (20 + 2) = 28.0ft 
water. 

(c) Working back from £: 

Drop in energy line DE = 0.010(25/|)(32.0) = 16.0 ft Drop in energy line CD = 0.40(32.0) = 12.8 ft 
Drop in energy line BC = same as DE = 16.0 ft Drop in energy line AB = 0.50(32.0) = 16.0 ft 
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(Elevation at D — 16.0) = elevation at E of 68.0 
(Elevation at C — 12.8) = elevation at D of 84.0 
(Elevation at B — 16.0) = elevation at C of 96.8 
(Elevation at A — 16.0) = elevation at B of 112.8 

The hydraulic grade line is V 2 /2g below the energy line: 32.0 ft in the 6-in, 2.0 ft in the 12-in and 0.13 ft in the 
24-in. The values are shown in Fig. 22-3. 


Elev. D = 84.0 
Elev. C = 96.8 
Elev. B = 112.8 
Elev. A = 128.8 



22.4 


The head extracted by turbine CR in Fig. 22-4 is 200 ft and the pressure at T is 72.7 psi. For losses of 
2.Q(V\J2g) between W and R and 3.Q(V 2 n /2g) between C and T, determine (a) how much water is flowing and 
( b ) the pressure head at R. Draw the energy line. 

f Because the energy line at T is at elevation {250.0 + [(72.7)(44)/62.4] + (V] 2 /2g)} and well above the 
elevation at IV, the water flows into the reservoir IV. 

(a) Using T to W, datum zero. 


at T 

f (72.7X144) V\ 2 

L 62.4 2 g 


T to C R to IV 
+ 25ol -(3.O^ 2 + 2.0^) 

J V 2g 2g) 


H r at W 

- 200 = (0 + negl + 150) 


Substituting V 24 = and solving, V\ 2 /2g = 32.0 ft or V ]2 = 45.4 ft/s. Then Q - {jr(l) 2 (45.4) = 35.7 cfs. 
(b) Using R to W, datum R, [(p«/y) + ^(32.0) + 0] - 2(£)(32.0) = (0 + negl + 50) and p R /y = 52.0 ft. The 
reader may check this pressure head by applying the Bernoulli equation between T and R. 

To plot the energy line in the figure, evaluate the energy at the four sections indicated: 


Elevation of energy line at T = 168.0 + 32.0 + 250.0 = 45.0 
Elevation of energy line at C = 450.0 — 3(32.0) = 354.0 
Elevation of energy line at R = 354.0 - 200.0 = 154.0 
Elevation of energy line at IV = 154.0 — 2(/g)(32) = 150.0 



El. 150.0 


C R 


Fig. 22-4 
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22.5 A pipeline with a pump leads to a nozzle as shown in Fig. 22-5. Find the flow rate when the pump develops a 
head of 80 ft. Assume that the head loss in the 6-in-diameter pipe may be expressed by h L — 5Vl/2g, while the 
head loss in the 4-in-diameter pipe is h L = \2V 2 J2g. Sketch the energy line and hydraulic grade line, and find the 
pressure head at the suction of the pump. 

f Select the datum as the elevation of the water surface in the reservoir. Note from continuity that 
V 6 = (1) 2 F, = 0.25 V 3 and V 4 = (l) 2 ^ = 0.5631/,, where V 3 is the jet velocity. Writing an energy equation from the 
surface of the reservoir to the jet, [z, + (p,/ y) + (V 2 J2g)] - h Lb + h p — h Lt — z 3 + (p 3 ly) + (V\l2g), 0 + 0 + 0 - 
5(Vl/2g) + 80 — 12( 4 / 2 ^) = 10 + 0 + (Vl/2g). Express all velocities in terms of V 3 : —[5(0.25V 3 ) 2 /2g] + 80- 
12[(0.563V;,) 2 /2g] = 10 + (Vl/2g), V, = 29.7 fps; Q = A 3 V 3 = (jr/4)(^) 2 (29.7) = 1.45 cfs. Head loss in suction 
pipe: h , = 5 (Vl/2g) =■ [5(0.25Vj) 2 /2g] = 0.312Ff/2g = 4.3 ft. Head loss in discharge pipe: h L = 12 (F 4 / 2 g) = 
12(0.563F,) 2 /2g = 52.1 ft, V\/2g = 13.7 ft, V 2 J2g = 4.3 ft, V z J2g = 0.86ft = 0.9 ft. The energy line and hydraulic 
grade line are drawn on the figure to scale. Inspection of the figure shows that the pressure head on the suction 
side of the pump is p B ly= 14.8 ft. Likewise, the pressure head at any point in the pipe may be found if the 
figure is to scale. 



22.6 A pump lifts water at the rate of 180 cfs to a height of 375 ft, at a pipe friction loss of 27 ft. Find the power 
required if the pump efficiency is 88 %. Sketch the energy grade line and the hydraulic grade line. 

I Water hp = Qy(Az + h L )/550 = (180)(62.4)(375 + 27)/550 = 8210 Input power = 8210/0.88 = 9330 

The energy and hydraulic grade lines are sketched in Fig. 22-6. 

Jk L - 27 ft 

T 

375 ft 


Fig. 22-6 

22.7 The diameters of the suction and discharge pipes of a pump are 6 in and 4 in, respectively. The discharge 

pressure is read by a gage at a point 5 ft above the centerline of the pump, and the suction pressure is read by a 
gage 2 ft below the centerline. If the pressure gage reads 20 psi and the suction gage reads a vacuum of 10 inHg 
when a fluid of specific gravity 0.79 is pumped at the rate of 2.0 cfs, find the power delivered to the fluid. Sketch 
the energy grade line and the hydraulic grade line. 
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I pjy + z, + Vi/2,g + E p =p 2 /Y + z 2 + Vf/2 g + h L V, = Q/A, = 2.0/[(jt)(^) 2 /4] = 10.19 fps 

V 2 = 2.0/[(jt)(^) 2 /4] = 22.92 fps h L = 0 

-(MK13.6/0.79) -2 + 10.197[(2)(32.2)] + E„ = (20)(144)/[(0.79)(62.4)] + 5 + 22.927[(2)(32.2)[ + 0 

E„ = 86.31 ft 

P = QyE p = (2.0)[(0.79)(62.4)](86.31)/550 = 15.5 hp 
The energy and hydraulic grade lines are sketched in Fig. 22-7. 



Fig. 22-7 


22.8 Determine the elevation of hydraulic and energy grade lines at points A, B, C, D, and E of Fig. 22-8 (z = 10 ft). 

f Solving for the velocity head is accomplished by applying the energy equation from the reservoir to E, 

10 + 60 + 0 + 0 = (V 2 e /2g) + 10 + 0 + i(V 2 /2g) + 0.020(200/0.50)(V 2 /2g) + 10(V 2 /2g) + 0.10(Y|/2g). From the 
continuity equation, V E = 417 After simplifying, 60 = (V 2 /2g)[16 + 5 + 8 + 10 + 16(0.1)] = 36. l(V 2 /2g) and 
V 2 /2g = 1.66 ft. Applying the energy equation for the portion from the reservoir to A gives 70 + 0 + 0 = 

(V 2 l2g) + (p/y) + z + 0.5(F 2 /2 g). Hence, the hydraulic grade line at A is 

P V 2 

^ + z =70-1.5 —=70-1.5(1.66) = 67.51 ft 

Y a 2g 

The energy grade line for A is (F 2 /2g) + z + (p/y) = 67.51 + 1.66 = 69.17 ft. For B, 70 + 0 + 0 = (V 2 /2g) + 
(p/y) + z + 0.5(K 2 /2 g) + 0.02(80/0.5)(F 2 /2g) and 

P - + z = 70 — (1.5 + 3.2)(1.66) = 62.19 ft 

Y B 

The energy grade line is at 62.19 + 1.66 = 63.85 ft. 

Across the valve the hydraulic grade line drops by 10V 2 /2g, or 16.6 ft. Hence, at C the energy and hydraulic 
grade lines are at 47.25 ft and 45.59 ft, respectively. 

At point D, 70 = (V 2 /2g) + (p/y) + z + [10.5 + 0.02(200/0.50)](Y 2 /2g) and 

- + z =70- 19.5(1.66) = 37.6 ft 

y d 

with the energy grade line at 37.6 + 1.66 = 39.26 ft. 

At point E the hydraulic grade line is 10 ft, and the energy grade line is z + (V|/2g) = 10 + 16(V 2 /2g) = 

10+ 16(1.66) = 36.6 ft. 



Fig. 22-8 
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22.9 A pump with a shaft input of 7.5 kW and an efficiency of 70 percent is connected in a water line carrying 

0.1 m 3 /s. The pump has a 150-mm-diameter suction line and a 120-mm-diameter discharge line. The suction line 
enters the pump 1 m below the discharge line. For a suction pressure of 70 kN/m 2 , calculate the pressure at the 
discharge flange and the rise in the hydraulic grade line across the pump. 

f The energy added per unit weight of water, E, is given by QyE = 7500(0.70), or E = 

7500(0.7)/[0.1(9806)] = 5.354 m. Applying the energy equation from suction flange to discharge flange gives 
(V?/2g) + ( pjy ) + 0 + 5.354 = (Vl/2g) + ( p d /y ) + 1 in which the subscripts s and d refer to the suction and 
discharge conditions, respectively. From the continuity equation, V s = 0. l(4)/(0. \5 2 n) = 5.66 m/s, V d = 

0. l(4)/(0. 12 2 jt) = 8.84 m/s. Solving for p d gives p d /y = [5.66 2 /2(9.806)] + (70 000/9806) + 5.354 — 
[8.84 2 /2(9.806)] — 1=9.141 m and p d = 89.6 kPa. The rise in hydraulic grade line is [(p d /y) + 1] — (pj y) = 

9.141 + 1 - (70 000/9806) = 3.002 m. 

22.10 Sketch the hydraulic and energy grade lines for Fig. 22-9a (H = 10 m). 

I Pi/y + V?/2g + z, =p 2 /y + Vl/2g + z 2 + h L h L = h f + h m h f = (J)(L/D)(V 2 /2g) 

( e/D ), = 0.000046/0.150 = 0.000307; try/, = 0.015. ( e/D) 2 = 0.000046/0.300 = 0.000153; try/ 2 = 0.015. 
h f = (0.015)[25/0.150] { V ?/[(2)(9.807)]} + (0.015)[(20 + 8)/0.300]{(V,/4) 2 /[(2)(9.807)]} = 0.1319 V? 
h m = KV 2 /2g = [1 + (1 - |) 2 + 3.5/16 + ^]{V?/((2)(9.807)]} = 0.09400V? 
h L = 0.1319V? + 0.09400V? = 0.2259V? 0 + 0+10 = 0 + 0 + 0 + 0.2259V? V, = 6.653 m/s 

V?/2g = 6.653 2 / [(2)(9.807)] = 2.257 m V 2 = 6.653/4 = 1.663 m/s V|/2g = 1.663 2 /[(2)(9.807)] = 0.141 m 

Friction losses are (/,)(L/D)(u?/2g) = 5.642 m, (f 2 )(L/D)(vl/2g) = 0.197 m. Minor losses are (V, — V 2 ) 2 /2g = 
1.270 m, 3.5V?/2 g = 0.494 m. The hydraulic and energy grade lines are sketched in Fig. 22-9 b. [Further 
checking (not shown) of the Reynolds number indicates that the assumed values of/, and f 2 are acceptable.] 




22.11 Determine the slope of the hydraulic grade line for flow of atmospheric air through a rectangular 21-in by 7-in 
galavanized iron conduit (V = 25 fps). 
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f h f = ( f)(L/D)(V 2 /2g ). Slope of the hydraulic grade line = h f /L = (f/D)(V 2 /2g). 

e = 0.0005 ft R h = (fj)(^)/4 = 0.2552 ft D = 4R h = (4)(0.2552) = 1.021 ft 
e/D = 0.0005/1.021 = 0.000490 N R = DV/v = (1.021)(25)/(1.69 x 10“ 4 ) = 1.51 x 10 s 
From Fig. A-5, / = 0.0195. Slope of the hydraulic grade line = (0.0195/1.021){257[(2)(32.2)]} = 0.185 ft/ft. 

22.12 What size square conduit is needed to convey 375 L/s of water at 15 °C with a slope of the hydraulic grade line 
of 0 . 002 ? (e = 1 mm) 

f Let d = side of conduit. 

Rh = d 2 /4d = d/4 D = 4R h = 4d/4 = d V = Q/A = (375 x 10~ 3 )/d 2 
N r = DV/v = (d)(0.375/d 2 )/(1.16 x 10’ 6 ) = 323 216/d e/D = 0.001/d h f = (/)(L/D)(V 2 /2g) 
h f IL = 0.002 = (//d) {(0.375/d 2 ) 2 /[(2)(9.807)]) d 5 = 3.585/ 

Assume / = 0.022. 

d 5 = (3.585)(0.022) d = 0.602 m N R = 323 276/0.602 = 537 000 
From Fig. A-5,/ = 0.023. d 5 = (3.585)(0.023), d = 0.607 m. 


22.13 Neglecting minor losses other than the valve, sketch the hydraulic grade line for Fig. 9-54. The globe valve has a 
loss coefficient of K = 4.5. 

I pjy + vj/2g + z, =pJy + V\/2g + z 2 + h,_ h L = (J)(L/D)(V 2 /2g) + KV 2 /2g 

Try/= 0.013. 

h L = (0.013)[(100 + 70 + 105)/(^)]{ V 2 /[(2)(32.2)]} + (4.5){ V7[(2)(32.2)]} = 0.1531V 2 
0 + 04-12 = 0 + 0 + 0 + 0.1531V 2 V = 8.853fps 

12- (0.013)[(100 + 70)/(^)]{8.853 2 /[(2)(32.2)l) = 7.97 ft 4.5V 2 /2 g = (4.5){8.853 2 /[(2)(32.2)]} = 5.48 ft 

The hydraulic grade line is sketched in Fig. 22-10. [Further checking (not shown) of the Reynolds number 
indicates that the assumed value of/is acceptable.] 




797 ft 


2.49ft 

t 

&l ofce 

tm/we 



Fig. 22-10 








CHAPTER 23 

Forces Developed by Fluids in Motion 

23.1 A hose and nozzle discharge a horizontal water jet against a nearby vertical plate, as shown in Fig. 23-1. The 

flow rate of water is 0.025 m 3 /s, and the diameter of the nozzle tip is 30 mm. Find the horizontal force necessary 
to hold the plate in place. 

f F = pQ(v 2 - «i). The net external force acting on the fluid (F in the equation) is the horizontal force 
necessary to hold the plate in place (i.e., R in Fig. 23-1). Assume it acts toward the left, as shown in the figure, 
and this direction is taken to be positive, v, = Q/A, = 0.025/[(?r)(0.030) 2 /4] = 35.37 m/s, v 2 = 0, R = 
(1000)(0.025)[0 - (-35.37)] = 884 N (leftward). 



Hose Water jet 



Nozzle 


R 




Fig. 23-1 


23.2 Water flows from a large tank through an orifice of 3 in diameter and against a block, as shown in Fig. 23-2. The 
water jet strikes the block at the vena contracta. The block weighs 50 lb, and the coefficient of the friction 
between block and floor is 0.57. The orifice’s coefficient of discharge (C) is 0.60, and its coefficient of 
contraction (C c ) is 0.62. What is the minimum height to which water must rise in the tank (y in Fig. 23-2) in 
order to start the block moving to the right? 

# F = pQ(v 2 — v,). The force caused by the water striking the block must equal (or slightly exceed) the friction 
force between block and floor (F f in Fig. 23-2). In other words, the net external force acting on the fluid (Fin 
the equation above) is /y when the block begins to move. Hence, F = F, = (0.57)(50) = 28.5 lb, —28.5 = 
(1.94)(<2)(0 — v,), Qv, = 14.69. But V, = Q/a, where a is the area of the jet at its vena contracta. 

a = (0.62)[(jr)(^) 2 /4] = 0.03043 ft 2 v, = Q/0.03043 = 32.86Q (g)(32.86Q) = 14.69 

Q = 0.6686 ft 3 /s = CAVlgh 

0.6686 = (0.60)[(#)(n) 2 /4]V(2)(32.2)(y - 1.0) y = 9.00 ft 
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23.3 A hose and nozzle discharge a horizontal water jet against a nearby vertical plate, as shown in Fig. 23-1. The 
flow rate of water is 0.043 m 3 /s, and the diameter of the nozzle tip is 50 mm. Find the horizontal force necessary 
to hold the plate in place. 

I F = pQ(v 2 -v0 v, = Q/A t = 0.042/[(;r)(0.050) 2 /4] = 21.39 m/s 

v 2 = 0 R = (1000)(0.042)[0 - (-21.39)] = 898 N (leftward) 

23.4 In Fig. 23-3 a small ingot and platform rest on a steady water jet. If the total weight supported is 825 N, what is 
the jet velocity? 

f F = pQ(v 2 -v l ) Q = Av x = [(jr)(0.060) 2 /4](u,) = 0.002827u, 

825 = (1000)(0.002827u 1 )(u t ) u, = 17.1 m/s 



Fig. 23-3 

23.5 The horizontal nozzle in Fig. 23-4 has D, = 10 in and D 2 = 6 in. The inlet pressure p, = 60 psia, and the exit 
velocity V 2 = 85 fps. Compute the tensile force in the flange bolts. Assume incompressible steady flow. 

f 2F = pQ(V 2 -V,) Q = AV = [(;r)(^) 2 /4](85) = 16.69 ft 3 /s V, = (^) 2 (V 2 ) = (^) 2 (85) = 30.60fps 

(60 - 15)[(jr)(10) 2 /4] - /w s = (1.94)(16.69)(85 - 30.60) F Mts = 1773 lb 



23.6 The tank in Fig. 23-5 weighs 920 N empty and contains 1.1 m 3 of water at 20 °C. The entrance and exit pipes are 
identical, D, = D 2 = 60 mm, and both carry 80 L/s. Determine the scale reading W. 

I ZF, = W - W„ 20 - W tank = -pQ[(v y ) 2 - («,),] (w,), = Q/A = 80 X 10- 3 /[(nr)(0.060) 2 /4] = 28.29 m/s 

W - (1.1)[(9.79)(1000)] - 920 = -(1000)(80 x 10" 3 )(0 - 28.29) W = 13.952 kN 
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23.7 Garbage is discharged onto a scow, as in Fig. 23-6; the discharge velocity is 4 fps and the weight flux is 700 lb/s. 
Calculate the tension in the mooring line. 

f The r-equilibrium of the scow is expressed by 

T = F xscow = — F]r garbage = —m(v 2 - v,) = —(700/g)(0 - 4 cos 35°) = + 71.3 lb 



Z_2. 


Fig. 23-6 


23.8 The water jet in Fig. 23-7, moving at 45 ft/s, is split so that one-third of the water moves toward A. Calculate 
the magnitude and direction of the force on the stationary splitter. Assume ideal flow in a horizontal plane. 

I F = pQ{v 2 -v x ) —F x = pQ A [(v x ) 2 — (n*),] + pQb[(v x ) 2 — (u x )i] 

F, = pQ A [(v y ) 2 ~ (w y )i] + pQ B [(v y ) 2 - (u y ),] 

Q = AV = (0.15)(45) = 6.75 ft 3 /s Q A = 6.75/3 = 2.25 ft 3 /s Q„ = 6.75 - 2.25 = 4.50 ft 3 /s 
—F x = (1.94)(2.25)(—45 cos 60° - 45) + (1,94)(4.50)(45 cos 60° - 45) = -491 lb 
F y = (1.94)(2.25)(—45 cos 30° - 0) + (1.94)(4.50)(45 cos 30° - 0) = 170 lb 
F r = V491 2 + 170 2 = 520 lb tan or = Mr = 0.34623 or = 19.1° 



23.9 Rework Prob. 23.8, if the splitter is moving to the right at 8 fps. 

I F = pQ(v 2 -v i) -F x = pQ A [(v x ) 2 - (iv),] + pQ B [(v x ) 2 - ( v x ),] 

Fy = PQ A [(Vy )2 - (l> y ),] + PQeliVy) 2 - (u,),] 

V = 45 — 8 = 37 ft/s Q = AV = (0. 15)(37) = 5.55 ft 3 /s Q A = 5.55/3 = 1.85 ft 3 /s 

Q„ = 5.55 -1.85 = 3.70 ft 3 /s 

-F x = (1.94)(1.85)(—37 cos 60° - 37) + (1.94)(3.70)(37 cos60° - 37) = -332 lb 
F y = (1.94)(1.85)(—37 cos 30° - 0) + (1.94)(3.70)(37 cos 30° - 0) = 115 lb 
F r = V332 2 + 115 2 = 351 lb tan a-= Ml = 0.34639 a- =19.1° 


23.10 A locomotive tender running at 18 mph scoops up water from a trough between the rails, as shown in Fig. 23-8. 
The scoop delivers water at a point 9 ft above its original level and in the direction of motion. The area of the 
stream of water at entrance is 45 in 2 . The water is everywhere under atmospheric pressure, (a) Find the ground 
velocity of the water as it leaves the scoop and the reaction force acting on the tender. How slow can the train 
move and still deliver water to the same point? 

f F u = pA l V,( AVL) w 1 = n 2 =-(18)(5280)/3600=-26.40 ft/s u 1 = 26.40fps 

Relative to the moving car, 

pJy + u?/2 g + Z, = p 2 ly + vl/2g + z 2 0 + 26.40 2 /[(2)(32.2)] + 0 = 0 + t>|/[(2)(32.2)] + 9 v 2 = - 10.83 fps 

V 2 = -26.40 - 10.83 = -37.23 fps F u = (1.94)(^)(26.40)(37.23) = 596 lb 
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At minimum speed, V 2 /2g = 9 ft, since v 2 = 0. 

F 2 /[(2)(32.2)] = 9 F = 24.07 fps = 16.4 mph 



Fig. 23-8 


23.11 Referring to Fig. 23-9, a 2-in-diameter stream of water strikes a 4-ft-square door which is at an angle of 30° with 
the stream’s direction. The velocity of the water in the stream is 60.0 ft/s and the jet strikes the door at its 
center of gravity. Neglecting friction, what normal force applied at the edge of the door will maintain 
equilibrium? 

f The force exerted by the door on the water will be normal to the door (no friction). Hence, since no forces 
act in the W direction in the figure, there will be no change in momentum in that direction. Thus, using W 
components, initial momentum ± 0 = final momentum, +M(V cos 30°) = +M, Vj — M 2 V 2 , 

(y/g)( A i*tV)(V cos 30°) = (y/g)(A, F,)F, - (y/g)(A 2 V 2 )V 2 . But F = F, = F 2 (friction neglected). Then 
A jct cos 30° = A, — A 2 and, from the equation of continuity, A jet = A, + A 2 . Solving, A , = A je ,(l + cos 30°)/2 = 
A jet (0.933) and A 2 = A jet (l — cos 30°)/2 = A jet (0.067). 

The stream divides as indicated and the momentum equation produces, for the X direction, 
[(62.4/32.2)(»(i) 2 60](60) - F x ( 1) = [(62.4/32.2)(»(i) 2 (0.933)(60)](52.0) + 

[(62.4/32.2)(?jt)(s) 2 (0.067)(60)](—52.0) and F x = 38.0 lb. 

Similarly, in the Y direction, M{ 0) + F y (l) = [(62.4/32.2)(0.0218)(0.933)(60)](30.0) + 

[(62.4/32.3)(0.0218)(0.067)(60)](—30.0) and F y = 65.9 lb. 

For the door as the free body, 2M hlngc = 0 and +38.0(1) + 65.9(2)(0.866) - P( 4) = 0 or P = 38.0 lb. 





23.12 The force exerted by a 1-in-diameter stream of water against a fiat plate held normal to the stream’s axis is 
145 lb. What is the flow of water? 

f F = pQ(v 2 — Vl ) u, = 2M = e/[(n:)(^) 2 /4] = 183.3(2 -145 = (1.94)(Q)(0 - 183.30) G=0.639ftVs 

23.13 Water flow in open channels can be controlled and measured with the sluice gate in Fig. 23-10. At a moderate 
distance upstream and downstream of the gate, sections 1 and 2, the flow is uniform and the pressure is 
hydrostatic. Derive an expression for the force F required to hold the gate as a function of p, V,, g, h u and h 2 . 
Neglect bottom friction in your analysis. 
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HF X = m(V 2 - V,) -F + yhi(h t b)/2 - yh 2 (h 2 b)/2 = p/j,feV,[(/i I //i 2 )(V 1 ) - V,] 
F = yb(h 2 i - hl)/2 - P h,bVj(hJh 2 - 1) 



23.14 Compute the force per unit width required to hold the gate in Fig. 23-10 if b, = 4 m, h 2 = 0 7 m and 
V, = 1.25 m/s. 

I F/b = y(h 2 l -hl)/2- 

= (9.79)(4 2 - 0.7 2 )/2 - (9.98)(4)(1.25) 2 (4/0.7 - 1) = 46.5 kN/m 


23.15 Find the thrust developed when water is pumped through a 300-mm-diameter pipe in the bow of a boat at 
V = 2.0 m/s and emitted through a 200-mm-diameter pipe in the stem. 

f Q=A,V, = [(;r)(0. 300) 2 /4](2.0) = 0.1414 m 3 /s V 2 = (2.0)(|g) 2 = 4.50 m/s 

F = pQ(V 2 - V ,) = (988)(0.1414)(4.50 - 2.0) = 349 N 


23.16 A jet of water flowing freely in the atmosphere is deflected by a curved vane, as shown in Fig. 23-ll«. If the 

water jet has a diameter of 1.5 in and a velocity of 25.5 fps, what is the force required to hold the vane in place? 

I Forces acting on the water jet are shown in Fig, 23-1 lb. 


F * = pQ[{v x ) 2 - (u,),] Q = AV = [(;r)(1.5/12)74](25.5) = 0.3129ft 3 /s 

R x = (1.94)(0.3129)[0 - (-25.5)] = 15.48 lb (leftward) F y = pQ[(v y ) 2 - (u y ),] 

R y = (1.94)(0.3129)(25.5 - 0) = 15.48 lb (upward) R = V15.48 2 + 15.48 2 = 21.49 lb 
With equal x and y components, the direction of R is at a 45° angle (i.e., a = 45° in Fig. 23-llb). 



23.17 A jet of water having a velocity of 10 m/s and a flow rate of 60 L/s is deflected through a right angle, as shown 
in Fig. 23-12. Determine the reaction on the chute. Neglect the friction of the chute. 

I F * = pQ[(v x ) 2 - K),l R x = (1000)(60 x 10 3 )[—10 sin 30° - (-10 cos 30°)] = 219.6 N 


Fy = PQ[(v y ) 2 - K),] Ry = (1000)(60 x 10“ 3 )[10 sin 60° - (-10 cos 60°)] = 819.6 N 
R = V219.6 2 + 819.6 2 = 849 N a = arctan (819.6/219.6) = 75.0° 


(leftward) 

(upward) 
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23.18 For the cart of Fig. 23-13, compute the force on the wheels caused by deflecting the jet and the compression of 
the spring, if its stiffness is 1.6 kN/m. 

f The force on the jet is upward and to the left. The upward component is supplied by the ground, acting on 
the wheels: 

F y = pQ[(v y ) 2 - (V,),] Q = Av = [(7r)(0.040) 2 /4](20) = 0.02513 m 3 /s 

F y = (998)(0.02513)(20 sin 45° - 0) = 355 N 
■ The leftward component is supplied by the compressed spring: 

F x = pQ[(v x ) 2 - (V x ),l = (998)(0.02513)(20 cos 45° - 20) = -147 N 
Then, by Hooke’s law, F x = —k Aar, —147 = (1600)(Aa:), Aar = 92 mm. 



Fig. 23-13 


23.19 In Fig. 23-14 the vane turns the water jet completely around. Find an expression for the maximum jet velocity 
V n if the maximum possible support force is F„. 

I F = pQ(u 2 — Mi) F 0 =(p 0 )(A 0 V 0 )(-V„ - V„) = (p 0 )[(^D 2 o/4)(V; ) )](—Vo-V 0 ) V„ = y/2 FJ( Po D 2 0 ji) 



Fig. 23-14 


23.20 The water tank in Fig. 23-15 stands on a frictionless cart and feeds a jet of diameter 3 cm and velocity 10 m/s, 
which is deflected 50° by a vane. Compute the tension in the supporting cable. 

f Contrast Prob. 23.18; here the force on the water is upward and rightward. 

F x = pQ{(v x ) 2 - (v x ),] Q = Av = [(*)(0.03)741(10) = 0.007069 m 3 /s 
T = (998)(0.007069)(10 cos 50° - 0) = 45.3 N 

23.21 Water exits to the atmosphere (p atm = 101 kPa) through a split nozzle as shown in Fig. 23-16. Duct areas are 
A , = 200 cm 2 and A 2 = A 2 = 90 cm 2 . The flow rate is Q 2 = Qy- 200 m 3 /h, and inlet pressure p x = 165 kPa abs. 
Compute the force on the flange bolts at section 1. 
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I 2F X = pQ[(v x ) 2 - (u,),] -F bo , vt +p,A l = 2pQ 2 (-v 2 cos3(y‘)- pQ t v, 

v 2 = Q 2 /A 2 = (j&)/(90 x 10- 4 ) = 6.173 m/s v, = (2)(^)/(200 x 10~ 4 ) = 5.556 m/s 
-/W + f(165 - 101)(1000)](200 x 10“ 4 ) = (2)(998)(|&)(-5.556 cos 30°) - (998)[(2)(i£)](5.556) 

F bolts = 2430N 



Fig. 23-16 


23.22 A pump in a water tank directs a water jet at 25 ft/s and 0.3 ft 3 /s against a vane, as in Fig. 23-17. Compute the 
force F to hold the cart stationary if the jet follows path A. 

f If the water follows path A, no momentum flux is created; thus, F = 0. 



23.23 Compute the force F in Prob. 23.22 if the fluid jet follows path B. The tank holds 50 ft 3 of water at this instant. 

f F = pQ{v 2 — u,). From “frictionless particle” concept, jet B will have constant horizontal velocity 
v = Uj et cos (180 - 120)°. F = (1.94)(0.3)[25 cos (180 - 120)° - 0] = 7.28 lb. 

23.24 The cart in Fig. 23-18 moves at constant velocity V () = 25 m/s and takes on water with a scoop 1.7 m wide which 
dips h=25 mm into a pond. Find the mass flow into the cart and the force needed to propel the cart. 

I rh = pAV 0 = (998)[(1.7)(0.025)](25) = 1060 kg/s 

The cart is gaining momentum at the rate (1060 kg/s)(25 m/s) = 26 500 (kg • m/s)/s = 26.5 kN, which, by 
Newton’s law, must be the force on the cart. 
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Fig. 23-18 


23.25 A racing car, coasting, is to be decelerated by a scoop, as shown in Fig. 23-19. If the car and scoop weigh 

2000 lb and h = 3 in, find the deceleration when V = 540 ft/s. Assume that the scoop has a width b = 1 ft into the 
paper. 

f Force on car = pbhV( 1 — cos 60°) = Ma, whence (p = 1.94 slug/ft 3 ) 


a = 


(1.94)(1)(3/12)(540)(1 - 0,5) 
(2000/32.2) 


= 1138 ft/s 2 



Fig. 23-19 


23.26 A vane of turning angle (180° - 0) is mounted on a water tank, as shown in Fig. 23-20. It is struck by a 

3-in-diameter, 40-fps water jet, which turns and falls off into the water tank without spilling. What is the force F 
required to hold the water tank stationary if Q = 90°? 

I J.F X = pQ(v 2 - v,) Q = Av = [(jr)(n) 2 /4](40) = 1.963 ft 3 /s F = (1.94)(1.963)[0 - (-40)] = 1521b 



Fig. 23-20 


23.27 In Fig. 23-21, air of density 1.2 kg/m 3 flows in the 30-cm duct at 12 m/s; it is choked by a 90° cone in the exit. 
Estimate the force of the airflow on the cone. 

f I.F X = m 2 u 2 - m x U\ m, = pA, Vi = (1.2)[(jt)( 0.30) 2 /4](12) = 1.018 kg/s 

A 2 = (jr)[0.40 + (0.01)(cos 45°)](0.01) = 0.01279 m 2 m 2 = pA 2 V 2 = (1.2)(0.01279)(V 2 ) = 1.018 
V 2 = 66.33 m/s F = (1.018)(66.33 cos45°) - (1.018)(12) = 35.5 N (rightward) 

23.28 For the same situation and conditions as given in Prob. 23.16 except that the vane itself is moving to the right 
with a velocity of 10.0 ft/s, find the force exerted by the water on the vane. 
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Fig. 23-21 


# F x =pQ r V r { cosyS + 1) V r = 25.5 - 10.0 = 15.5 ft/s Q r =A r V r = [(jt)( 1.5/12) 2 /4](15.5) = 0.1902 ft 3 /s 

R x = (1.94)(0.1902)(15.5)(cos 90° + 1) = 5.719 lb F y = pQ r V r (sin P) 

R y = (1.94)(0.1092)(15.5)(sin 90°) = 5.719 lb R = V5.719 2 + 5.719 2 = 8.09 lb 


As in Prob. 23.16, R acts at an angle P of 45°. 


23.29 Solve Prob. 23.28 if the “angle of the vane” is 30° (i.e., the 90° angle in Fig. 23-116 is 30° instead). 

I F, = pQ r V r (cos p + 1). Using data from Prob. 23.28, R x = (1.94)(0.190 2)(15.5) (cos 30° + 1) = 10.67 lb, 

Fy = Q r v r ( sin P), Ry = (1.94)(0.1902)(15.5)(sin 30°) = 2.86 lb, R = V10.67 2 + 2.86 2 =11.0 lb. The direction can 
be determined by referring to Fig. 23.22: a = arctan (2.86/10.67) = 15.0°. 



Fig. 23-22 


23.30 A jet of water flowing freely in the atmosphere is deflected by a curved, 90° vane (see Fig. 23-lla). The vane is 
part of a turbine and is moving to the right with a velocity of 20 ft/s. The water jet has a diameter of 2 in and a 
velocity of 60 ft/s. Determine the force exerted by the water on the vane. 

# F x = pQrV r (cos p + \) V r = 60 - 20 = 40 ft/s Q r =A r V r = [(rr)(£) 2 /4](40) = 0.8727 ft 3 /s 

R x = (1.94)(0.8728)(40)(cos 90° +1) = 67.72 lb F y = Q r V r ( sin p) 

Ry = (1.94) (0.8728) (40) (sin 90°) = 67.72 lb R = V67.72 2 + 67.72 2 = 95.8 lb 
Since R x and R y are equal, R acts at an angle of 45° with the horizontal. 

23.31 Solve Prob. 23.30 if the “angle of the vane” is 60° (i.e., the 90° angle in Fig. 23-116 is 30° instead). 

f F x = pQ r V r { cos P + 1). Using data from Prob. 23.30, R x = (1. 94)(0.8727)(40) (cos 60° + 1) = 101.6 lb, F y = 

pQ r K(sin P), R y = (1.94)(0.8728)(40)(sin 60°) = 58.65 lb, R = VlOl.6 2 + 58.65 2 = 117.3 lb. The direction can be 
determined by referring to Fig. 23-22: a = arctan (58.65/101.6) = 30.0°. 

23.32 As shown in Fig. 23-23, a vane is curved so that the water jet is entirely reversed in direction. The vane is 
moving to the right at a velocity of 9.0 m/s, and the velocity of the water jet is 21.0 m/s. If the diameter of the 
water jet is 50 mm, find the force exerted by the vane on the water. 

I F x = pQrV r (cos P + 1) V r =21.0 -9.0 =12.0 m/s Q r = A r V r = [(^)(0.050) 2 /4](12.0) = 0.0236 m 3 /s 
R x = (1000)(0.0236)(12.0)(cos 0° + 1) = 566 N F y = pQ r V r sin p R y = (1000)(0.0236)(12.0)(sin 0°) = 0 
Hence, R = 566 N (acting horizontally). 


23.33 A 2-in-diameter water jet with a velocity of 100 fps impinges on a single vane moving in the same direction (thus 
F x = F u ) at a velocity of 60 fps. If p 2 = 150° and friction losses over the vane are such that v 2 = 0.9v u compute 
the force exerted by the water on the vane. See Fig. 23-24a. 
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Vane 


»o 


Fig. 23-23 

f The velocity vector diagrams at entrance and exit to the vane are shown in Fig. 23-246. Since 
v 2 = (0.9)(40) = 36 fps; 

V 2 sin a 2 = v 2 sin f} 2 = (36)(0.5) = 18 fps (i) 

V 2 cos a 2 = u + v 2 cos f) 2 = 60 + 36(—0.866) = 28.8 fps (2) 

Solving (1) and (2) simultaneously yields V 2 = 34 fps, a 2 = 32°. Hence —F x = pQ'(V 2 cos a 2 — V,) = 
1.94(0.0218)(100 — 60)(28.8 — 100) = —120.4 lb. So F x = 120.4 lb. The force of vane on water is to the left as 
assumed; hence force of water on vane is 120.4 lb to the right. —F y = pQ'(V 2 sin a 2 — 0) = 1.94(0.0218)(40)(—18) = 
-30.5 lb. Thus F y = 30.5 lb in the direction shown. The force of water on the vane is equal and opposite and 
thus 30.5 lb upward. If the blade were one of a series of blades, —F x = pQ(V 2 cos a 2 — V,) = 
1.94(0.0218)(100)(28.8 - 100) = -301 lb. 



Entrance velocity 
vectors 


V ,=100 

r,=ioo -► 



+ . v 



( b) Fig. 23-24 


23.34 A jet of water with an area of 4 in 2 and a velocity of 175 fps strikes a single vane which reverses it through 180° 
without friction loss. Find the force exerted if the vane moves (a) in the same direction as the jet with a velocity 
of 65 fps; ( b ) in a direction opposite to that of the jet with a velocity of 65 fps. 

I F = pQiVz ~ f 0 

(а) v, = 175 - 65 =110ft/s Q = Av = (raXllO) = 3.056ft 3 /s F = (1.94)(3.056)[110- (-110)] = 13041b 

(б) t>, = 175-(-65) = 240 ft/s Q = (ra)(240) = 6.667 ft’/s F = ( 1.94)(6.667)[240 - (-240)] = 6208 lb 


23.35 The pipe bend shown in Fig. 23-25 is in a horizontal plane. A fluid of weight density 8.615 kN/m 3 enters the 
bend with a velocity of 3.50 m/s and a pressure of 280 kPa. Neglecting any energy losses in the bend, find the 
force required to hold the bend in place. 

I ZF X = pQ[(v x ) 2 - (v x ),] p,A, + p 2 A 2 cos 65° -R x = pQ(-v 2 cos 65°-v,) 

A, = (jr)(0.200) 2 /4 = 0.03142 m 2 
p 2 can be determined using the Bernoulli equation. 

Pily + w/2g + z, = pjy + vl/2g + z 2 A 2 v 2 = A,v, 

A 2 = (7r)(0.080) 2 /4 = 0.005027 m 2 0.005027u 2 = (0.03142)(3.50) v 2 = 21.88 m/s 
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280/8.615 + 3.50 2 /[(2)(9.807)] + 0 = pj 8.615 + 21.88 2 /[(2)(9.807)] + 0 
P* = 75.10 kPa Q=A,v, = (0.03142)(3.50) = 0.1100 m 3 /s 

[(280)(1000)](0.03142) + [(75.10)(1000)](0.005027)(cos 65°) - R x 

= [8615/9.807](0.1100)[(-21.88)(cos 65°) - 3.50] 

R x = 10 190 N or 10.19 kN HF y = pQ[(v,) 2 - (w y ),] -p 2 A 2 sin 65° + R y = pQ(v 2 sin 65° - 0) 

[(75.10)(1000)](0.005027)(sin 65°) + R y = [8615/9.807](0.1100)[(21.88)(sin 65°) - 0] 

R y = 2262 N or 2.26 kN R = VlO. 19 2 + 2.26 2 = 10.4 kN 
a = arctan (2.26/10.19) = 12.5° (see Fig. 23-25 b) 



23.36 The pipe bend shown in Fig. 23-26a is in a horizontal plane. Oil with a specific gravity of 0.86 enters the 

reducing bend at section A with a velocity of 3.2 m/s and a pressure of 150 kPa. Determine the force required to 
hold the bend in place. Neglect any energy loss in the bend. 

I External forces acting on the oil within the bend are shown in Fig. 23-266. 

A t v,=A 2 v 2 A, = n(0. 150) 2 /4 = 0.01767 m 2 A 2 = ^(0.100) 2 /4 = 0.007854 m 2 

(0.01767)(3.2) = 0.007854u 2 v 2 = 7.199 m/s p,/y + v 2 J2g + z, = pjy + v\/2g + z 2 

150/[(0.86)(9.79)] + (3.2) 2 /[(2)(9.807)] + 0 = p 2 /[(0.86)(9.79)] + (7.199) 2 /[(2)(9.807)] + 0 p 2 = 132.1 kPa 
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F x = pQ(v x2 - v xl ) p t A, - p 2 A 2 cos 30° - R x = pQ(v x2 cos 30° - v xl ) 

Q — Av = (0.01767)(3.2) = 0.05654 m 3 /s 

(150 000)(0.01767) - (132 100)(0.007854) cos 30° - R x = (0.86)(1000)(0.05654)(7.199cos30° - 3.2) 

R x = 1604 N 

F y = pQ(v y2 - v yl ) -p 2 A 2 Sin 30° + R y = pQ(v y2 sin 30° - 0) 

(-132 100)(0.007854) sin 30° + R y = (0.86)(1000)(0.05654)(7.199 sin 30°) R y = 694 N 
R = V(1604) 2 + (694) 2 = 1748 N a = arctan ^ = 23.4° (see Fig. 23-26 b) 


100-mm diameter 



( 6 ) 

Fig. 23-26 


23.37 Find the magnitude and direction of the resultant force on the compressor shown in Fig. 23-27. Air 

(y = 0.075 lb/ft 3 ) enters at A through a 4-ft 2 area at a velocity of 12 fps. Air is discharged at B through a 3-ft 2 
area at a velocity of 14 fps. 

I F x = pQ[(V 2 ) x - (V,),] Q =AV = (4)(12) = 48.0ft 3 /s 

F x = (0.075/32.2)(48.0)(14 - 12 cos 50°) = 0.703 lb (rightward) 

Fy = pQ[(V 2 )y - (V,),] = (0.075/32.2)(48.0)[0 - (-12 sin 50°)] = 1.028 lb (upward) 

Force of fluid on compressor is 0.703 lb leftward and 1.028 lb downward. F = V0.703 2 + 1.028 2 = 1.245 lb, 
a = arctan (1.028/0.703) = 55.6° to the horizontal. 

23.38 Repeat Prob. 23.37 for the case where a gas (y = 12.1 N/m 3 ) enters at A through a 75-cm-diameter pipe at 
3.5 m/s and leaves at B through a 60-cm-diameter pipe at 4.5 m/s. 



676 D CHAPTER 23 


Fig. 23-27 

f F x = pQ[(Y^ - (V t ) x ] Q — AV = [(^)(0.75) 2 /4](3.5) = 1.546 m 3 /s 

F x = (12.1/9.807)(1.546)(4.5 - 3.5 cos 50°) = 4.29 N (rightward) 

Fy = pQ[(V 2 )y - (F,),] = (12.1/9.807)(1.546)[0 - (-3.5 sin 50°)] = 5.11 N (upward) 

Force of fluid on compressor is 4.29 N leftward and 5.11 N downward. F = V4.29 2 + 5.11 2 = 6.67 N, 
a = arctan (5.11/4.29) = 50.0° to the horizontal. 

23.39 In Fig. 23-28a is shown a curved pipe section of length 40 ft that is attached to the straight pipe section as 

shown. Determine the resultant force on the curved pipe, and find the horizontal component of the jet reaction. 
All significant data are given in the figure. Assume an ideal liquid with y = 55 lb/ft 3 . 

f The energy equation between sections 1 and 3 gives [(30)(144)/55] + 35 = 20 + (V 2 3 /2g) and V 3 = 77.6fps (jet 
velocity); Q - A 3 V 3 = 3.81 cfs, V 2 = Q/A 2 = 43.6 fps. The energy equation between section 2 and 3 gives 
10 + [p 2 (144)/55] + [(43.6) 2 /64.4] = 20 + [(77.6) z /2g], and p 2 = 28.3 psi. The free-body diagram of the forces 
acting on the liquid contained in the curved pipe is shown in Fig. 23-28 b. p 2 A 2 -p 3 A 3 cos 20° — {F N/L ) X = 

P Q(V 3 cos 20° - V 2 ) where {F N/L ) X represents the force of the curved pipe on the liquid in the x direction. Since 
section 3 is a jet in contact with the atmosphere, p 3 = 0. Thus 28.3 [(jt/4)(4 2 )] — (F N/L ) X = 
[(1.94)(55/62.4)](3.81)[(77.6)(0.94) — 43.6], 356 — ( F N/L ) X = 191, (F N/L ) X = +165 lb where the plus sign indicates 
that the assumed direction is correct. In the y direction the p 2 A 2 force has no component. Estimating the weight 
of liquid W as 150 lb, (F NfL ) y = p(2[(77.6)(0.342) — 0] + 150 = +323 lb. The resultant force of liquid on the 
curved pipe is equal and opposite to that of the curved pipe on liquid. The resultant force of liquid on the 
curved pipe is [(165) 2 + (323) 2 ] 1/2 = 363 lb downward and to the right at an angle of 62°56' with the horizontal. 

The horizontal jet reaction is best found by taking a free-body diagram of the liquid in the system as shown in 
Fig. 23-28c: (F s/ , ) x = pQ(V 3 cos 20° - 0) = 475 lb where (F SIL ) X respresents the force of the system on the liquid 
in the x direction. (F s/L ) x is equivalent to the integrated effect of the x components of the pressure vectors 
shown in Fig. 23-28c. Equal and opposite to (F s ,, ) x is the force of the liquid on the system, i.e., the jet reaction. 
Hence the horizontal jet reaction is a 475-lb force to the left. Thus there is a 165 lb force to the right tending to 
separate the curved pipe section from the straight pipe section, while at the same time there is a 475-lb force 
tending to move the entire system to the left. 


Elev. 20' 


(a) 





Fig. 23-28 
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23.40 


23.41 


23.42 


A 24-in pipe carrying 31.4 cfs of oil (s.g. = 0.85) has a 90° bend in a horizontal plane. The loss of head in the 
bend is 3.50 ft of oil and the pressure at entrance is 42.5 psi. Determine the resultant force exerted by the oil on 


the bend. 

I Referring to Fig. 23-29, the free-body diagram indicates the static and dynamic forces acting on the mass of 
oil in the bend. These forces are calculated as follows: 


1 . 


P, = p,A = (42.5)0)(24) 2 = 19 200 lb 


2 . 


= z 2 and V, — V 2 . Then 


3. 


p 2 =p 2 A, where p 2 = Pi ~ loss in psi, from the Bernoulli equation since z, 
p = [42.5 — (0.85)(62.4)(3.50/144)](i^r)(24) 2 = 18 600 lb. 

Using the impulse-momentum principle, and knowing that V, = V 2 - Q/A - 10.0 ft/s, MV*, +2 (forces in X 
direction)(l) = MV* 2 , 19 200 - F x = [(0.85)(62.4)(31.4/32.2)](0 - 10.0) = -517 lb, and F x = +19 720 lb, to 


me icu un uic uu* 

4 Similarly, for t = 1 s, MV yi + 2 (forces in Y direction)(l) = MV n , F y - 18 600 = 

[( 0 . 85 )( 62 . 4 )( 31 .4/32.2)](10.0 - 0) = +517 lb, and F y = +19 120 lb, upward on the oiL_ 

On the pipe bend, the resultant force R acts to the right and downward and is R = V(19 720) 2 + (19 120) 2 = 
27 470 lb at 0 X = tan-'(19 120/19 720) = 44.1°. 



Fig. 23-29 


The 24-in pipe of Prob. 23.40 is connected to a 12-in pipe by a standard reducer fitting. For the same flow of 
31.4 cfs of oil, and a pressure of 40.0 psi, what force is exerted by the oil on the reducer, neglecting any lost 

head? 

f Sinre V = 10 0 fos V, = (?) 2 (10.0) = 40.0 fps. Also, the Bernoulli equation between section 1 at entrance and 
fection 2 tf exit yields’ { (p,/y) + [(10) 2 /2g] + 0} - negligible lost head = { (p 2 /y) + [(40) 2 /2g] + 0}. Solving, 
p,/y = [(40.0)(144)/(0.85)(62.4)] + (100/2g) - (1600/2g) = 85.3 ft of oil andp 2 = 3L4 psi. ^ 

Figure 23-30 represents the forces acting on the mass of oil in the reducer: P , - Pi A, - (4U 
18 100 lb (to the right), P 2 =P 2 A 2 — (31-4)(i jt)( 12) 2 = 3550 lb (to the left). 

In the X direction the momentum of the oil is changed. Then MV X] + 2 (forces in X direction)(l) MV* 2 , 

(18 100 - 3550 - F x ) 1 = [(0.85)(62.4)(31.4/32.2)](40.0 - 10.0), and F* = 13 000 lb acting to the left on the oil. 

The forces in the Y direction will balance each other and F y = 0. Hence the force exerted by the oil on the 
reducer is 13 000 lb to the right. 



Fig. 23-30 

A 45° reducing bend, 24-in diameter upstream, 12-in diameter downstream, has water flowing through it at the 
rate of 15.7 cfs under a pressure of 21.0 psi. Neglecting any loss in the bend, calculate the force exerted by the 
water on the reducing bend. 

| y - 15 . 7 /A, = 5.00 ft/s and V 2 = 20.0 ft/s. The Bernoulli equation, section 1 to section 2, produces 
{[(21.0)(144)/62.4] + (25/2g) + 0} - negligible lost head = [(p 2 /y) + (400/2g) + 0] from which p 2 /y = 42.6 ft and 

p' 2 = 18.5psi. . n _ a _ 

In Fig. 23-31 is shown the mass of water acted upon by static and dynamic forces: P, — p,/t, — 

(21.0)(|jr)(24) 2 = 9500 lb, P 2 = p 2 A 2 = (18.5)(^)(12) 2 = 2090 lb, P 2x = P 2y = (2090)(0.707) = 1478 lb. 
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In the X direction, MV Xl + 2 (forces in X direction)(l) = MV X2 , (9500 — 1478 — F x ) 1 = 

[(62.4)(15.7/32.2)][(20.0)(0.707) - 5.00] and F x = 7740 lb to the left. 

In the Y direction, (+F y - 1478)1 = f(62.4)(15.7/32.2)]r(20.0) (0.707) - 0] and F v = 1910 lb upward. 

The force exerted by the water on the reducing bend is F = V(7740) 2 + (1910) 2 = 7970 lb to the right and 
downward, at an angle 0 X = tan” 1 gfjg = 13°52'. 


Fig. 23-31 

23.43 Determine the reaction of a jet flowing through an orifice on the containing tank. 

f In Fig. 23-32 a mass of liquid ABCD is taken as a free body. The only horizontal forces acting are F, and F 2 , 
which change the momentum of the water. (F, — F 2 )(l) = M(V 2 — V,), where V t c an be considered negligible. 
Reaction F = F, - F 2 = ( yQ/g)V 2 = ( yA 2 V 2 /g)V 2 . But A 2 = c c A n and V 2 = c„V2gh. Hence F = 

[y(c c A„)/g]cl(2gh) = (cc v )yA 0 (2h) (to the right on the liquid). 

1. For average values of c = 0.60 and c„ = 0.98, the reaction F = 1. \16yhA„. Hence the force acting to the left 
on the tank is about 18 percent more than the static force on a plug which would just fill the orifice. 

2. For ideal flow (no friction, no contraction), F = 2(yhA„). This force is equal to twice the force on a plug 
which would just fill the orifice. 

3. For a nozzle (c c = 1.00), the reaction F = clyA(2h) where h would be the effective head causing the flow. 


Fig. 23-32 




23.44 


The jets from a garden sprinkler are 1-in in diameter and are normal to the 2-ft radius. If the pressure at the 
base of the nozzles is 50 psi, what force must be applied on each sprinkler pipe, 1 ft from the center of rotation, 
to maintain equilibrium? (Use c v = 0.80 and c c = 1.00.) 


f The reaction of the sprinkler jet may be calculated from the momentum principle. Inasmuch as the force 
which causes a change in momentum in the X direction acts along the X axis, no torque is exerted. We are 
interested, therefore, in the change in mo ment um in th e Y direction. But the initial momentum in the Y 
direction is zero. The jet velocity V Y = c v y/2gh = 0.80V2g[(50)(2.31) + negligible velocity head] = 69.0 ft/s. 
Thus F y dt = Af(Vy) = [(62.4/32.2)(ijr)( 1 1 5) 2 (69.0) dt](— 69.0) or F y = —50.3 lb downward on the water. Hence 
the force of the jet on the sprinkler is +50.3 lb upward. Then 2Af 0 = 0, F(l) — 2(50.3) = 0, F = 100.6 lb for 
equilibrium. 




x+ 

Fig. 23-33 


23.45 A rocket engine burns 5.0 kg of fuel and oxidizer per second, and combustion gases exit the rocket at a velocity 
of 550 m/s relative to the rocket, at a pressure approximately equal to the ambient air pressure. Find the thrust 
produced by the rocket engine. 

I 


F = pQv 2 = Mv = (5.0)(550) = 2750 N 
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23.46 A jet craft traveling at a velocity of 590 fps takes in air at a rate of 1.55 slugs/s. The air: fuel ratio is 25:1, and 
the exhaust velocity relative to the jet is 1950 fps. Find the thrust produced by the jet engine. 

I F = p a Q a (v 2 -Vi) +p f Q f v 2 PaQ.ii = M„ = 1.55 slugs/s 

Since the air:fuel ratio is 25:1, p f Q, = 1.55/25 = 0.0620 slug/s, F = (1.55)(1950 - 590) + (0.0620)(1950) = 

2229 slug-ft/s 2 . Since slug = lb-s 2 /ft, F = 2229 lb. 

23.47 A rocket engine burns 8.5 kg of fuel and oxidizer per second, and combustion gases exit the rocket at a velocity 
of 565 m/s relative to the rocket, at a pressure approximately equal to the surrounding atmospheric pressure. 
Find the thrust produced by the rocket engine. 

I F = pQv 2 = Mv = (8.5)(565) = 4802 N 

23.48 A jet craft traveling at a velocity of 700 fps takes in air at a rate of 1.68 slugs/s. The air: fuel ratio is 20:1, and 
the exhaust velocity relative to the jet is 2105 fps. Find the thrust produced by the jet engine. 

I F = p<,Q a (v 2 -v l ) + p f Q f v 2 p a Q„ = M a = 1.68 slugs/s 

Since the air: fuel ratio is 20:1, p f Q f = 1.68/20 = 0.0840 slug/s, F = (1.68)(2105 - 700) + (0.0840)(2105) = 

2537 slug-ft/s 2 . Since slug = lb-s 2 /ft, F = 2537 lb. 

23.49 A jet engine is being tested in the laboratory. The engine consumes 50 lb of air per second and 0.5 lb of fuel per 
second. If the exit velocity of the gases is 1500 fps, what is the thrust? 

f F = W^VJg - W x VJg = (50 + 0.5)(1500)/32.2 - (50)(0)/32.2 = 2352 lb 

23.50 A jet engine operates at 600 fps and consumes air at the rate of 50.0 lb/s. At what velocity should the air be 
discharged in order to develop a thrust of 1500 lb? 

| F= 1500 = (50.0/32.2)(V exit -600) V exit = 1566 fps 

23.51 A turbojet engine is tested in the laboratory under conditions simulating an altitude where atmospheric pressure 
is 785.3 lb/ft 2 abs, temperature is 429.5 °R, and specific weight is 0.0343 lb/ft 3 . If the exit area of the engine is 
1.50 ft 2 and the exit pressure is atmospheric, what is the Mach number if the gross thrust is 1470 lb? Use 

k — 1.33. 

f F = W„ k V'Jg = (yA e „,V exit )(V exit )/g 1470 = (0.0343)(1.50)(V exit ) 2 /32.2 V exit = 959 fps 

N m = V„jVicgRT = 959/V(1.33)(32.2)(53.3)(429.5) = 0.969 

23.52 A rocket device burns its propellant at a rate of 15.2 lb/s. The exhaust gases leave the rocket at a relative 
velocity of 3220 fps and at atmospheric pressure. The exhaust nozzle has an area of 50.0 in 2 and the gross weight 
of the rocket is 500 lb. At the given instant, 2500 hp is developed by the rocket engine. What is the rocket 
velocity? 

I P = 7V rockct F = W^V„Jg = (15.2)(3220)/32.2 = 1520 lb 

(2500)(550) = 1520V rocke , V rocket = 905 fps 

23.53 A rocket motor is operating steadily, as shown in Fig. 23-34. The exhaust products approximate a perfect gas of 
molecular weight 26. Calculate the exit velocity. 

f m exit = p ex .A x ..V ex . t = 0.6 + 0.12 = 0.72 slug/s p=p/RT R = 49 750/26 = 1913 ft-lb/slug-°R 
Pex it = (15)(144)/[(1913)(1000 + 460)] = 0.0007734 slug/ft 3 A exit = (jt)( 6/12) 2 /4 = 0.1964 ft 2 
0.72 = (0.0007734)(0.1964)(V exit ) V exi , = 4740 fps 

23.54 In contrast to the liquid rocket in Fig. 23-34, the solid-propellant rocket in Fig. 23-35 is self-contained and has 
no entrance ducts. Using a control-volume analysis for the conditions shown in Fig. 23-35, compute the rate of 
mass loss of the propellant, assuming that the exit gas has molecular weight 31. 

I w propellant = p exit A exit V exit p = p/RT R = it = 268 J/kg • K 

p exit = (80)(1000)/[(268)(725)] = 0.4117 kg/m 3 A exit = (jr)(0.200) 2 /4 = 0.03142 nr 
m propellant = (0.4117)(0.03142)(1100) = 14.2 kg/s 
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Fig. 23-34 



Exit section 

d , =200mm 
p, - 80 kPa 
v r =1100 m/s 


t ,. =725K 


Fig. 23-35 


23.55 


For the rocket engine of Prob. 23.53, compute the thrust if atmospheric pressure is 15 psia. 
I F = = (0.72)(4740) = 3413 lb. 


23.56 


A rocket ship is moving at 8.5 km/s in outer space. It is desired to slow the rocket down to 8.4 km/s by firing a 
retrorocket forward. The retrorocket burns 8 kg/s of fuel and oxidizer at an exhaust velocity of 1.3 km/s relative 
to the rocket. If the initial mass of the rocket ship is 1550 kg, how long should the retrorocket burn, and how 
much fuel will be burned? 


dV = mV c , 


m„ — mt 


F fi „„-V„=V exi ,ln(l-^=) 

\ m 0 / 


8.4-8.5 = 1.3 In 



/bum = 14.3 s m bu ™ d = (8)(14.3) = 114 kg 


23.57 Determine the magnitude and direction of the resultant force exerted on the double nozzle of Fig. 23-36. The 
axes of the pipes and both nozzles lie in a horizontal plane. Both nozzle jets have a water velocity of 12 m/s. 

f Continuity: 

A, V, = A 2 V 2 + A 3 V 3 [(jr)(0.150) 2 /4](V 1 ) = [(nr)(0.100) 2 /4](12) + [(jr)(0.075) 2 /4](12) 

V, = 8.33 m/s Q, = A, V, = [(*)(0.150) 2 /4](8.33) = 0.147 m 3 /s 
Qi = [(*r)(0.100) 2 /4](12) = 0.094 m 3 /s Q 3 = [(tt)( 0.075) 2 /4] (12) = 0.053 m 3 /s 

Energy equation: 

(Pi/y) + [8.33 2 /2(9.81)] = 0 + [12 2 /2(9.81)J pjy = 3.80 m p,=37.3kPa p,A,= 0.659 kN 


X F * =Pi A > ~ ( f wl)x = (pQ2V 2x + PQ 3 V 3 ,) ~ P<2iV h p = 10 3 kg/m 3 


V 2x = V 2 cos 15° = 12(0.966) = 11.6 m/s V 3x = V 3 cos 30° = 12(0.866) = 10.4 m/s V K = Vj = 8.33 m/s 
0.659 - (F n/f ) x = 10 3 (0.094)(11.6) + 10 3 (0.053)(10.4) - 10 3 (0.147)8.33 = 0.417 kN 
(F^X = 0.659 - 0.417 = 0.242 kN 

2 Fy = (F w a = (PQ 2 + pQ 3 V 3y ) - pQ t V ly v 2y = V 2 sin 15° = 12(0.259) = 3.1 m/s 

v 3y = -V 3 sin 30° = -12(0.50) = -6.0 m/s V, y = 0 
(F wl ) y = 10 3 (0.094)(3.1) + 10 3 (0.053)(—6.0) - 10 5 (1.47)(0) = -0.027 kN 
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23.60 A jet of steam hits the blades of a steam turbine at 3700 fps (absolute speed); the exit speed is 2500 fps. 

or, = 20°, a 2 = 150°, «, = u 2 = 475 fps, and r, = r 2 = 0.6 ft. Find the torque exerted on the rotor and the power 
delivered to it, if G = 0.5 lb/s. 

I T = pQ(r, V, cos or, - r 2 V 2 cos a 2 ) = (0.5/32.2)[(0.6)(3700)(cos 20°) - (0.6)(2500)(cos 150°)] = 52.6 ft-lb 

P = FV = Tco = (52.6)(475/0.6)/550 = 75.7 hp 


23.61 When a turbine runner is held fixed, the discharge under a head of 44 ft is 30 cfs. a , = 35°, fi 2 = 155°, 
r t = 0.75 ft, r 2 = 0.45 ft, A x = 0.850 ft 2 , A 2 = 0.900 ft 2 . Find the zero-speed torque? Neglect shock loss. 

I T = pQ(r x V, cos a, — r 2 V 2 cos f} 2 ) pQ = (30)(62.4)/32.2 = 58.14 slugs/s 

V, = Q/A, = 30/0.850 = 35.29 fps v 2 = 30/0.900 = 33.33 fps 

For stopped runner, V 2 = v 2 and a 2 = f } 2 = 155°. T = (58.14)[(0.75)(35.29)(cos 35°) — (0.45)(33.33)(cos 155°)] = 
1274 ft-lb. 

23.62 A 24-in-diameter fan drives air (y = 0.076 lb/ft 3 ) at a rate of 1.90 lb/s. Find the horsepower required to drive 
the fan. Neglect losses. 

I rQ = yA( AV/2) 1.90 = (0.076)[(^)(t 5) 2 /4](AV/2) AV = 15.92fps 

F = pQ(AV) = (1.90/32.2)(15.92) = 0.939 lb P = FV = F( AV/2) = (0.939)(15.92/2)/550 = 0.0136 hp 

23.63 A fan sucks air (p = 0.0022 slug/ft 3 ) into a building through a 20-in-diameter duct. If the pressure difference 
across the two sides of the fan is 3.9 inH 2 0, determine the flow rate of the air. What thrust must the fan support 
be designed to withstand? 

I F = A(Ap) = [(jr)(f§) 2 /4](62.4)(3.9/12) = 44.2 lb Q = A( AV/2) 

F = pQ(AV) = p[A(AV /2)](AV) 44.2 = (0.0022){[(7r)(f§) 2 /4]/2}(AV) 2 

AV = 135.7 fps/s Q = [(jr)(fi) 2 /4](135.7/2) = 148 ft 3 /s 

23.64 Find the thrust and efficiency of two 6.5-ft-diameter propellers through which flows a total of 20 000 cfs of air 
(0.072 lb/ft 3 ). The propellers are attached to an airplane moving at 150 mph through still air. Find also the 
pressure rise across the propellers and the horsepower input to each propeller. Neglect eddy losses. 

f Velocity of air relative to airplane is V, = 150 mph = (150)(44)/30 = 220 fps. Velocity of air through the 
actuating disk is V = V, + (AV/2) = Q/A = (20 000/2/[(tt/ 4)(6.5) 2 ] = 301 fps. Thus AV = 2(301 - 220) = 

162 fps, F t = pQ AV = (0.072/32.2)(20 000)(162) = 7240 lb (total thrust of both propellers), t] = 

1/[1 + AV/2Vi] = 1/(1 + jf§) = 0.73 = 73 percent. F t on one propeller = ^ = 3620 lb. But F t = (Ap)(A), 
thus 3620 = Ap(jr/4)(6.5) 2 , A p = 109 psf = 0.758 psi, hp/propeller = yQ(Ap/y)/550 = Q(Ap)/550 = 

10 000(109)/550 = 1980. Check: hp/propeller = F r (V, + AV/2)/550 = 3620(301)/550 = 1980. 


23.65 This water passage (Fig. 23-38) is 10 ft wide normal to the figure. Determine the horizontal force acting on the 
shaded structure. Assume ideal flow. 

f In free-surface flow such as this where the streamlines are parallel, the water surface is coincident with the 
hydraulic grade line. Writing an energy equation from the upstream section to the downstream section, 

6 + (V i/2g) = 3 + (V l/2g) ( 1 ) 

From continuity, 

6(10)V,=3(10)V 2 (2) 


Substituting Eq. (2) into Eq. (1) yields V, = 8.02 fps, V 2 = 16.04 fps, Q = A, V, = A 2 V 2 = 481 cfs. Next take a 
free-body diagram of the element of water shown in the figure F, — F 2 — F x = pQ(V 2 — Vi), where F x represents 
the force of the structure on the water in the horizontal direction. F, = yh^Ai and F 2 = yh C 2 A 2 . Hence 
62.4(3)(10)(6) - 62.4(1.5)(10)(3) -F x = 1.94(481)(16.04 - 8.02) and F x = 940 lb. The positive Mgn means that 
the assumed direction is correct. Hence the force of the water on the structure is equal and opposite, namely, 
940 lb to the right. 
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The momentum principle will not permit one to obtain the vertical component of the force of the water on 
the shaded structure because the pressure distribution along the bottom of the channel is unknown. The 
pressure distribution along the boundary of the structure and along the bottom of the channel can be estimated 
by sketching a flow net and applying Bernoulli’s principle. The horizontal and vertical components of the force 
can be found by computing the integrated effect of the pressure-distribution diagram. 



23.66 


Flow occurs over a spillway, as shown in Fig. 23-39. Determine the horizontal force on the spillway per foot of 
width. Assume ideal flow. 


f S F = pQ(v 2 - Vi). Energy consideration: y, + v 2 J2g =y 2 + vj/lg, 5 + u,/[(2)(32.2)] = 0.9 + u 2 /[(2)(32.2)]. 
Continuity consideration: y,u, =y 2 v 2 , 5v, — 0.9i> 2 , «i = 0.1800u 2 . 


5 + (0. 1800u 2 ) 2 /[(2)(32.2)] = 0.9 + vf/[(2)(32.2)] v 2 = 16.52 fps v, = (0.1800)(16.52) = 2.973 fps 
(62.4)(5)(§) - (62.4)(0.9)(0.9/2) - F x = (1.94)[(5)(2.973)](16.52 - 2.973) F x = 364 lb/ft (rightward) 
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CHAPTER 24 

Dynamic Drag and Lift 



24.1 A pitcher throws a baseball through air at 50 °F at a velocity of 92 mph. The diameter of the baseball is 2.82 in. 
Find the drag force on the baseball. 

I F d = C D p(v 2 /2)A u = (92)(ii) = 134.9 ft/s N R = Dv/v = (2.82/12)(134.9)/(1.52 x 10~ 4 ) = 2.09 x 10 5 
From Fig. A-50, C D = 0.42. F D = (0.42)(0.00242)( 134.9 2 /2)[(jr)(2.82/12) 2 /4] = 0.401 lb. 

24.2 The pole of Fig. 24-1 is a cylinder 100 mm in diameter. Wind is blowing against it with a velocity of 15 m/s, and 
air temperature is 30 °C. Find the bending moment about the base (at ground level). Neglect end effects. 

I F d = C dP (v 2 /2)A N r = Dv/v = (0.100)(15)/(1.60 x 10~ 5 ) = 9.38 x 10 4 

From Fig. A-51, C 0 = 1.3. F 0 = (1.3)(1.16)(15 2 /2)[(17)(0.100)] = 288 N. Wind acts uniformly along the pole; 
hence, the resultant drag force acts at the pole’s midpoint as shown in Fig. 24-1. The bending moment about the 
base is, therefore, A/ base = (288)(8.5) = 2448 N • m. 


100-mm diameter-*■ 




. 

17. 

) m 

• D 

8 A 

m 

y/AV/Ay/AV/AY/) 

y/y<y/yi. 


Wsxs y/y^y/^/yir/Ay'// 


Fig. 24-1 


24.3 A flat plate, 0.1 m by 0.1 m, moves at a velocity of 5.0 m/s perpendicular to the plate. Find the drag force on 
the plate if it is moving through (a) still air (p = 1.200 kg/m 3 ) and (b) still water (p = 1000 kg/m 3 ). 

f F d = C D p(v 2 /2)A. From Fig. A-52 with x/y — 0.1/0.1 = 1, C D = 1.1. 

(a) F d = (1. l)(1.200)(5.0 2 /2)[(0.1)(0.1)] = 0.165 N 

(b) F d = (1. l)(1000)(5.0 2 /2)[(0.1)(0.1)] = 138 N 

24.4 A smooth, flat plate 8.0 ft wide and 80.0 ft long is being towed lengthwise (parallel to the plate) through still 
water at 70 °F at a velocity of 17.0 fps. What is the drag force on one side of the plate (i.e., the skin-friction 
drag)? 

I F d = C D p(v 2 /2)A N r = Dv/v = (80.0)(17.0)/(1.05 x 10“ 5 ) = 1.30 x 10 8 

From Fig. A-53, C D = 0.0020. F n = (0.0020)(1.93)(17.0 2 /2)[(80.0)(8.0)] = 357 lb. 

24.5 A basketball is thrown through air at 50 °F at a velocity of 27 mph. The diameter of the basketball is 9.3 in. 
Determine the drag force on the basketball. 

f F d = C D p(v 2 /2)A v = (27)(§i) = 39.60 ft/s N R = Dv/v = (9.3/12)(39.60)/(1.52 x 10~ 4 ) = 2.02 x 10 5 
From Fig. A-50, C D =0.41. F D = (0.41)(0.00242)(39.60 2 /2)[(^)(9.3/12) 2 /4J = 0.367 lb. 

24.6 A silo with a height of 10 m above ground has the shape of a cylinder 3,5 m in diameter. Wind is blowing against 
the silo at a velocity of 8.3 km/h when air temperature is 30 °C. Determine the bending moment about the base 
of the silo. 
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f F d = C D p(v 2 /2)A v = (8.3)(S) = 2.306m/s /V R = Du/v = (3.5)(2.306)/(1.60 x 10 ') = 5.04 x 10 s 
From Fig. A-51, C D = 0.35. F D = (0.35)(1.16)(2.306 2 /2)[(3.5)(10)] = 37.8 N, A/ hase = (37.8)(f) = 189 N-m. 

24.7 A flat plate, 0.5 m by 2.0 m, moves at a velocity of 3.5 m/s perpendicular to the plate. Find the drag force on 
the plate if it is moving through (a) still air (p = 1.200 kg/m 3 ) and (b) still water (p = 1000 kg/m 3 ). 

f F d = C D p(v 2 /2)A. From Fig. A-52 with x/y = 2.0/0.5 = 4.0, C D = 1.2. 

(a) F d = (1.2)(1.200)(3.5 2 /2)[(0.5)(2.0)] = 8.82 N 

(ft) F d = (1.2)(1000)(3.5 2 /2)[(0.5)(2.0)] = 7350 N 

24.8 Wind with a velocity of 35 mph is blowing perpendicularly against a 14-ft by 10-ft highway sign. If the mass 
density of the air is 0.00234 slug/ft 3 , compute the total drag force on the sign. 

f p D = C D p(v 2 /2)A. From Fig. A-52 with x/y = 14/10= 1.4, C D = 1.12. v = (35)(f§§) = 51.33 ft/s, F n = 

(1.12)(0.00234)(51.33 2 /2)[( 14)( 10)] = 483 lb. 

24.9 A highway sign is illustrated in Fig. 24-2. Assuming the sign can be analyzed as a flat plate, determine the wind 
velocity required to overturn the sign if it was designed to resist a total moment of 6000 lb-ft at its base. Use a 
mass density of air of 0.00234 slug/ft 3 . 

f F d = C D p(v 2 /2)A. From Fig. A-52 with x/y = t = 1-67, C D = 1.16. 

F d = (1.16)(0.00234)(u 2 /2)[(15)(9)] = 0.1832v 2 2 = 0 

6000 — (6 + i)(0.1832u 2 ) = 0 u = 55.85 ft/s or 38.1 mph 



Fig. 24-2 


24.10 A smooth, flat plate 2.0 m wide and 10.0 m long is being towed lengthwise through still water at 20 °C at a 
velocity of 5.0 m/s. What is the drag force on one side of the plate (i.e., the skin-friction drag)? 

f F„ = C D p(v 2 /2)A N r = Dv/v = (10.0)(5.0)/(1.02 x 10^ 6 ) = 4.90 x 10 7 

From Fig. A-53, C D = 0.0023. F D = (0.0023)(998)(5.0 2 /2)[(10.0)(2.0)] = 574 N. 

24.11 Find the friction drag on one side of a smooth flat plate 6 in wide and 18 in long, placed longitudinally in a 
stream of crude oil (s.g. = 0.925) at 60 °F flowing with undistributed velocity of 2 fps. 

f From Fig. A-2, v = 0.0010 ft 2 /s. Then, at x = L, N R = LU/ v = (1 .5)(2)/0.0010 = 3000, well within the 
laminar range; that is, N K < 500 000. C f = 1.328 /VAr = 1.328V3000 = 0.0242, F f = C f p(V /2 )BL = 
(0.0242)(0.925)(1.94)(2 2 )(6)(18)/[(2)144] = 0.065 lb. Find the th ickne ss of the boundary layer and the shear 
stress at the trailing edge of the plate, d/x = 4.91/Va* = 4.91/V3000 = 0.0896, 6 = (0.08 96)(1.5) = 0.1344 ft = 
1.61 in. At jc = L, t„ = 0.332(vpUIL)VN r = (0.332)[(0.0010)(0.925)(1.94)(2)/1.5]V3000 = 0.0435 lb/ft 2 . 
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24.1 2 (a) Find the frictional drag on the top and sides of a box-shaped moving van 8 ft wide, 10 ft high, and 35 ft long, 
traveling at 60 mph through air (y = 0.0725 lb/ft 3 ) at 50 °F. Assume that the vehicle has a rounded nose so that 
the flow does not separate from the top and sides (see Fig. A-546). Assume also that even though the top and 
sides of the van are relatively smooth there is enough roughness so that for all practical purposes a turbulent 
boundary layer starts immediately at the leading edge. (A) Find the thickness of the boundary layer and the 
shear stress of the trailing edge. 

f (a) From Fig. A-2, for air at 50°F, v = 0.00015 ft 2 /s. Then N R = LU/v = (35)(88)/0.00015 = 20 530 000. 

As N r > 10 7 , C f = 0.455/(log N R ) 2 58 = 0.455/(7.31) 2 58 = 0.00269, F f = Cfp(V 2 /2)BL = 

(0.00269)(0.0725/32.2)[(88) 2 /2](10 + 8 + 10)35 = 23.0 lb. 

(A) 8/x = 0.377/Afj,' 5 d 35 = (35)(0.377)/[(205.3) l/s x 10] = 0.455 ft 

r 0 = 0.0587p(f/ 2 /2)(v/ Ux) i>s (r 0 ) 35 = (0.0587)(0.0725/32.2)(88 2 /2)[0.00015/(88)(35)] 1/5 = 0.0176 lb/ft 2 

24.13 A small submarine, which may be supposed to approximate a cylinder 10 ft in diameter and 50 ft long, travels 
submerged at 3 knots (5.06 fps) in sea water at 40 °F. Find the friction drag assuming no separation from the 
sides. 

# F f = C#(V 2 /2)A N f = DV/v 

Kinematic viscosity of sea water = kinematic viscosity of fresh water = 0.0000166 ft 2 /s. Then N F = (50)(5.06)/ 
0.0000166 = 1.52 x 10 7 . From Fig. A-55, C, = 0.0028 and F f = (0.0028)(64/32.2)[(5.06) 2 /2](jr)(10)(50) = 

112 lb. Find the value of the critical roughness for a point 1 ft from the nose of the submarine. 

At jc = 1 ft, (N f ) = (5.06)(l)/0.0000166 = 305 000, = 26(v/V)(N R )l'* = [(26)(0.0000166)/5.06](305 000) 1/4 = 

0.0020 ft. Find the height of roughness at the midsection of the submarine which would class the surface as truly 
rough. 

At x = 25 ft, ( N r ) x = (5.05)(25)/0.0000166 = 7.61 x 10 6 , r 0 /p = 0.0587(V 2 /2)(v/Vx) ,/s = 

(0.0587)[(5.06) 2 /2][1/(76.2 x 10 5 ) 1 ' 5 ] = 0.0316 ft 2 /s 2 , 6, = 60 v/VrJp = (60)(0.0000166)/V0.0316 = 0.0056 ft. 

24.14 Using the data of Prob. 24.12 determine the total drag exerted by the air on the van. Assume that C D ~ 0.45 
(see Fig. A-54). 

I F d = C D p(V 2 /2)A = 0.45(0.0725/32.2)[ (88) 2 /2] (8)( 10) = 314 lb 

Thus the pressure drag = 314 — 23 = 291 lb; in this case the pressure drag is responsible for about 93 percent of 
the total drag while the friction drag comprises only 7 percent of the total. 

24.15 Find the “free-fall” velocity of an 8.5-in-diameter sphere (bowling ball) weighing 16 lb when falling through the 
following fluids under the action of gravity: through the standard atmosphere at sea level; through the standard 
atmosphere at 10 000-ft elevation; through water at 60 °F; through crude oil (s.g. = 0.925) at 60 °F. 

f When first released the sphere will accelerate (Fig. 24-3a) because the forces acting on it are out of balance. 
This acceleration results in a buildup of velocity which causes an increase in the drag force. After a while the 
drag force will increase to the point where the forces acting on the sphere are in balance, as indicated in Fig. 
24-3 b. When that point is reached the sphere will attain a constant or terminal (free-fall) velocity. Thus for 
free-fall conditions, E F x = W — F B — F D = (mass)(acceleration) = 0 where W is the weight, F B the buoyant force, 
and F d the drag force. The buoyant force is equal to the unit weight of the fluid multiplied by the volume 
(jtD 3 /6 = 0.186 ft 3 ) of the sphere. The given data are approximately as follows: 


fluid 

y. 

Ib/fP 

P , 

slugs/ft 3 

v=ft/p 
ft7s 

/iJb 

Air (sea level) 

0.0765 

0.00238 

1.57 x 10" 4 

0.0142 

Air (10000 ft) 

0.0564 

0.00176 

2.01 x 10' 4 

0.0105 

Water, 60 °F 

62.4 

1.94 

1.22 x 10“ 5 

11.6 

Oil, 60 °F 

57.7 

1.79 

0.001 

10.7 


The detailed analysis for the sphere falling through the standard sea-level atmosphere is as follows: 

16 - 0.0142 - C D p(V 2 /2)A = 0 where p = 0.00238 slug/ft 3 and A = ?r(8.5/12) 2 /4 = 0.394 ft 2 or 15.986 = 
C D (0.00238)(V' 2 /2)(0.394) = 0.00047C o F 2 . A trial-and-error solution is required. Let C D = 0.2, then 
V = 412 fps. N r = DV/v — (8.5/12)412/(1.57 x 10~ 4 ) = 1.86 x 10 6 . The values of C D and N R check, hence 
C D - 0.2 and V = 412 fps. 
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Following a similar procedure for the other three fluids gives the following free-fall velocities: 


fluid 

Co 

n r 

v,.„ 

Standard atmosphere at 10 000 ft 

0.20 

1.69 x 10 6 

480 fps 

Water at 60 °F 

0.19 

453 000 

7.4 fps* 

Crude oil (s.g. = 0.925) at 60 °F 

0.39 

4 390 

6.2 fps 


* In this instance the Reynolds number is 453 000 which, for the case of a 
sphere, generally indicates a turbulent boundary layer (Fig. A-56). This is 
very close to the point where the boundary layer changes from laminar to 
turbulent. If the water had been at a somewhat lower temperature and, 
hence, more viscous, a laminar boundary layer might have been present, in 
which case the free-fall velocity would have been only about 5.2 fps. 


F d (becomes larger) 

Fb 



a (becomes 
smaller) 


W 

XF Z * 0 
(a) 



V 2 

f d~ Cd(>Y A 

F B= tfluid X < vol > 

V = constant, a = 0 

IV = weight 


ZF z = 0 
(b) 


Fig. 24-3 


24.16 Find the critical Reynolds number (indicating transition from laminar to turbulent boundary layer) for a circular 
pipe, given the value 480 000 for a flat plate. 

f For the plate, d/x = 4.91/V(A„) jr = 4.91/V480 000 = 0.00709; therefore, N, t = 480 000 = Ux/v = 

U6/ 0.00709v. Imagine the plate rolled up to form a circular pipe of radius R: the critical conditions become 
U —* f/centeri.ne = 2V (V - cross-sectional average velocity) and 6 = R = D/2. Hence, for unchanged v, 

480 000 = (2V)(D/2)/0.00709v or DV/v = (N R ) pipc = (480 000)(0.00709) = 3403. 

24.17 Refer to the data of Prob. 24.12. Find the shear stress on the sides of the van at 4, 12, and 20 ft back from the 
front edge of the sides. 

I To = 0.0587 p(U 2 /2)(v/Ux) 1,s . At* =4ft, r„ = (0.0587)(0.0725/32.2)(88 2 /2){0.00015/[(88)(4)]} ,/5 = 

0.0272 lb/ft 2 . At x = 12 ft, r 0 = (0.0587)(0.0725/32.2)(88 2 /2){0.00015/[(88)(12)]} 1 ' 5 = 0.0219 lb/ft 2 . At jc = 20 ft, 
t 0 = (0.0587)(0.0725/32.2)(88 2 /2){0.00015/[(88)(20)]} 1,5 = 0.0197 lb/ft 2 . 

24.18 If the wind velocity 6 ft above a soccer field is 18 fps, approximately what are the wind velocities 0.4 ft and 0.8 ft 
above the field? 

I u/U = (y/8)' n . At 0.4 ft, m/18 = (0.4/6) 1 ' 7 , u = 12.2 fps. At 0.8 ft, m/18 = (0.8/6)" 7 , u = 13.5 fps. 

24.19 A metal ball of diameter 1.2 ft and weight 99 lb is dropped into the ocean. Determine the maximum velocity the 
ball will achieve if, for seawater, p = 2.0 slugs/ft 3 and p = 3.3 x 10 -5 lb-s/ft 2 . 

I F D = W-F„ = C D p(V 2 /2)A W-(y)(jzD } /6) = C d p(V 2 /2)(jcD 2 /4) 

99 - [(62.4)(2.0/ 1.94)](jr)( 1.2) 3 /6 = C„(2.0)(V 2 /2)(jt)(1.2) 2 /4 99 - 58.20 = 1.131 C n V 2 C D V 2 = 36.07 

N r = DVp/p = (1.2)(Y)(2.0)/(3.3 x 10~ 5 ) = 72 727V 

Try C D = 0.4; 0.4V 2 = 36.07, V = 9.496 ft/s, N R = (72 727)(9.496) = 6.91 x 10 s . From Fig. A-56, C„ = 0.20. Try 
C D = 0.20: 0.20V 2 = 36.07, V = 13.43 ft/s, N R = (72727)(13.43) = 9.77 x 10 s , C n = 0.20 (O.K.). Hence, 

V = 13.43 fps. 
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24.20 Two 5-ft-diameter bodies—the airship hull of Fig. A-56 and a 4:3 oblate ellipsoid—move at 80.7 ft/s through air 
at STP. For each body, find the power required to overcome air resistance. 

f P = F d V F d — C D p(V 2 /2)A N r = DV/v = (5)(80.7)/0.0001564 = 2.58 x 10 6 

Assuming from Fig. A-56 that C D remains constant for N R > 10 6 , C D for airship hull = 0.04 and C D for 1:0.75 
ellipsoid = 0.20. Thus, (F„) hulI = (0.04)(0.002378)(80.7 2 /2 )[(jt)( 5) 2 /4] = 6.08 lb, P hull = (6.08)(80.7)/550 = 

0.892 hp, and (F D ) cllip = (0.20)(0.002378)(80.7 2 /2 )[(jt)( 5) 2 /4] = 30.4 lb, (P) ellip . = (30.4)(80.7)/550 = 4.46 hp. 

24.21 The drag coefficient for a hemispherical shell with the concave side upstream is approximately 1.33 if N R > 1000. 
Design a parachute that will land a 100-kg Marine as though he had jumped (parachuteless) off a 3.0-m wall. 
Assume standard air at sea level and neglect the parachute’s weight. 

f In jump from 3.0-m wall, 

V = \/2gH = V(2)(9.80)(3.0) = 7.67 m/s F p = C D p( V 2 /2)A 

(100)(9. 80) = (1.33)(1.225)(7.67 2 /2)(;tD 2 /4) D = 5.10 m 
N r = DV/v = (5.10)(7.67)/(1.455 x KT 5 ) = 2.69 x 10 6 (O.K.) 

24.22 A football, 6.78 in in diameter and 14.5 oz in weight, can be modeled by the prolate ellipsoid of Fig. A-56. Find 
the resistance when the ball is passed through still air (14.7 psia and 40 °F) at a velocity of 35 fps. Neglect spin. 

f F d = C D p(V 2 /2)A A* = DV/v = (6.78/12)(35)/(1.46xKT 4 )= 1.35 x10 s 

From Fig. A-56, C D = 0.065, F D = (0.065)(0.00247)(35 z /2)[(nr)(6.78/12) 2 /4] = 0.0247 lb. 

24.23 Repeat Prob. 24.22, if the air temperature is 100 °F. 

I F d = C D p(V 2 /2)A. At T = 100 °F, p = 0.00220 slug/ft 3 (from Table A-4). F D = 

(0.065)(0.00220)<'35 2 /2)[(jr)(6.78/12) 2 /4] = 0.0220 lb. [The air is rarer at the higher temperature.] 

24.24 At sea level, a 3.2-m-diameter spherical balloon travels at 22 m/s. At a 3 km altitude, what speed will give the 
same drag force? Let C D be the same at both altitudes. 

f F d = C D p(V 2 /2)A, whereby V « 1/Vp. Hence 

24.25 Find the drag force on a radio antenna 0.33 in in diameter extended to 5 ft in length on an automobile traveling 
through 80 °F air at 90 mph. 

I F D = C D p(V 2 /2)A N r = DV/v = (0.33/12)[l(88)]/(1.69 x 10“ 4 ) = 2.15 x 10 4 

From Fig. A-57, C D = 1.1. 

Fo = (1.1)(0.00228) {[i(88)] 2 /2} [(0.33/12)(5)] = 3.00 lb 

24.26 A 75-mph (110-fps) wind blows across a 0.100-in-diameter wire at standard sea level (v = 1.57 x 10 4 ft 2 /s). 
What note (approximately) does the wire “sing”? 

I / = 0.20(V/D)(1 — 20/A r ) N r = DV / v 

N r = (0.100/12)(110)/(1.57 x 10“ 4 ) = 5839 f = (0.20)[110/(0.100/12)](1 - = 2631 Hz 

On the piano, this would be an E (third octave above middle C). 

24.27 Determine the deceleration experienced by the blunt-nosed projectile of Fig. A-58 when it is moving 
horizontally at 950 mph (1393 fps). Assume standard sea-level atmosphere. The projectile has a diameter of 
20 in and it weighs 550 lb. 
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f F d = C D p(V 2 /2)A. At sea level, c = 1116fps. V/c = M= 1-25. From Fig. A-58, C D = 1.22. 

F„ = (1.22)(0.002377)(1393 2 /2)[(Tr)(f§) 2 /4] = 6138 lb 
F d = —a(W/g) 6138 = -a( 550/32.2) a = -359 ft/s 2 

24.28 Solve Prob. 24.27 if the projectile is moving upward at an angle of 35° with the horizontal. 

I In this case, F D - W sin 6 = -a(W/g), 6138 - 550sin 35° = -a( 550/32.2), a = -341 ft/s 2 . 

24.29 A sharp flat plate with L = lm and b = 3 m is immersed parallel to a stream of velocity 2 m/s. Find the drag on 
one side of the plate, and at the trailing edge find the thicknesses 8, 8*, and 6 for air (p = 1.23 kg/m 3 and 

v = 1.46 x 10 -5 m 2 /s). 

f The airflow Reynolds number is VL/v — (2.0)(1.0)/(1.46 x 10 -5 ) = 137 000. Since this is less than 3 x 10 6 , we 
assume that the boundary layer is laminar and the drag coefficient is C D = 1.328/A* 2 = 1.328/(137 000) 1/2 = 
0.00359. Thus the drag on one side in the airflow is D = C D \pU 2 bL = 0.00359(^)(1.23)(2.0) 2 (3.0)(1.0) = 

0.0265 N. The boundary-layer thickness at the end of the plate is 8/L = 5.0/A* 2 = 5.0/(137 000) 1/2 = 0.0135 or 
8 = 0.0135(1.0) = 0.0135 m = 13.5 mm. We find the other two thicknesses by proportion: 8* = (1.721/5.0)6 = 
4.65 mm, 0 — 8*/2.59 = 1.80 mm. 

24.30 Solve Prob. 24.29 for water (p = 1000 kg/m 3 and v = 1.02 x 10 6 m 2 /s). 

f The water Reynolds number is A R = 2.0(1.0)/(l.02 x 10~ 6 ) = 1.96 x 10 6 . This is rather close to the critical 
value of 3 x 10 6 , so that a rough surface or noisy free stream might trigger transition to turbulence; but let us 
assume that the flow is laminar. The water drag coefficient is C c = 1.328/(1.96 x 10 6 ) 1 ' 2 = 0.000949 and 
D = 0.000949(^)( 1000)(2.0) 2 (3.0)(1.0) = 5.69 N. The drag is 215 times more for water in spite of the higher 
Reynolds number and lower drag coefficient because water is 57 times more viscous and 813 times denser than 
air. 

The boundary-layer thickness is given by 8/L - 5.0/(1.96 x 10 6 ) l/2 = 0.00357 or 8 = 0.00357(1000 mm) = 

3.57 mm. By ratioing down we have 8 * = (1.721/5.0)6 = 1.23 mm, 0 = 6*/2.59 = 0.47 mm. The water layer is 
3.8 times thinner than the air layer, which reflects the square root of the 14.3 ratio of air to water kinematic 
viscosity. 

24.31 A hydrofoil 1.2 ft long and 6 ft wide is placed in a water flow of 40 fps, with p = 1.99 slugs/ft 3 and 
v = 0.000011 ft 2 /s. Estimate the boundary-layer thickness at the end of the plate. 

I The Reynolds number is N R = UL/v = (40)(1.2)/0.000011 = 4.36 x 10 6 . Thus the trailing-edge flow is 
certainly turbulent. The maximum boundary-layer thickness would occur for turbulent flow starting at the 
leading edge. 8/L = 0.16/N' F n = 0.16/(4.36 x 10 6 ) ,/7 = 0.018 or 6 = 0.018(1.2 ft) = 0.0216 ft. 

24.32 For the data in Prob. 24.31, estimate the friction drag for turbulent smooth-wall flow from the leading edge. 

f This is 7.5 times thicker than a fully laminar boundary layer at the same Reynolds number. For fully 
turbulent smooth-wall flow, the drag coefficient on one side of the plate is C D = 0.031 /Aj/ 7 = 0.031/(4.36 x 
10 6 ) 1 ' 7 = 0.00349. Then the drag on both sides of the foil is approximately D = 2C r> (kpU 2 )bL = 
2(0.00349)(j)(1.99)(40) 2 (6.0)(1.2) = 80.0 lb. 

24.33 Solve Prob. 24.32 for laminar-turbulent flow with (/V R ) trans = 5 x 10 5 . 

f With a laminar leading edge and (JV R ) trans = 5 x 10 5 , C D = (0.031/A* 7 ) - (1440/A„) = 0.00349 - 
[1440/(4.36 x 10 6 )] = 0.00316. The drag can be recomputed for this lower drag coefficient: D = 2C D (\pU 2 )bL = 
72.41b. 

24.34 Solve Prob. 24.32 for turbulent rough-wall flow with e = 0.0004 ft. 

f For the rough wall, we calculate L/e = 1.2/0.0004 = 3000. From Fig. A-59 at N R = 4.36 x 10 6 , this condition 
is just inside the fully rough regime. C n ~ [1.89 + 1.62 log (L/e)]~ 2 5 = (1.89 + 1.621og3000) -2 5 = 0.00644 and 
the drag estimate is D = 2C D {{pU 2 )bL = 148 lb. This small roughness nearly doubles the drag. It is probable 
that the total hydrofoil drag is still another factor of 2 larger because of trailing-edge flow-separation effects. 

24.35 A square 6-in piling is acted on by a water flow of 5 ft/s 20 ft deep, as shown in Fig. 24-4. Estimate the 
maximum bending exerted by the flow on the bottom of the piling. 
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# Assume sea water with p = 1.99 slugs/ft 3 and kinematic viscosity v = 0.000011 ft 2 /s. With piling width of 
0.5 ft, we have N R = VD/v = (5)(0.5)/0.000011 = 2.3 x 10 5 . This is the range where Table A-20 applies. The 
worst case occurs when the flow strikes the flat side of the piling, C D = 2.1. The frontal area is 
A = Lh = (20)(0.5) = 10 ft 2 . The drag is estimated by F = C D ({pV 2 A) = 2.1(^)(1.99)(5) 2 (10) = 522 lb. If the flow 
is uniform, the center of this force should be at approximately middepth. Therefore the bottom bending 
moment is M 0 = FLj 2 = 522(“) = 5220 ft-lb. According to the flexure formula from strength of materials, the 
bending stress at the bottom would be S = M a y/I = (5220)(0.25)/[n(0.5) 4 ] = 251 000 lb/ft 2 = 1740 lb/in 2 to be 
multiplied, of course, by the stress-concentration factor due to the built-in end conditions. 



24.36 


A high-speed car with m = 2000 kg, C D = 0.3, and A = 1 m 2 , deploys a 2-m parachute to slow down from an 
initial velocity of 100 m/s (Fig. 24-5). Assuming constant C D , brakes free, and no rolling resistance, calculate 
the distance and velocity of the car after 1, 10, 100, and 1000 s. For air, assume p = 1.2 kg/m 3 and neglect 
interference between the wake of the car and the parachute. 

f Newton’s law applied in the direction of motion gives F x = m(dV/dt) = -F c - F p = - \pV\C Dc A c + C Dp A„) 
where subscript c is the car and subscript p the parachute. This is of the form dV/dt = —( K/m)V 2 , 

K = E C D A(pl 2). Separate the variables and integrate 



K 

m 



or V„ 1 — V -1 = —( K/m)t. Rearrange and solve for the velocity V: V = VJ[\ + (Klm)V„t], K = ( C Dc A c + 
C Dp A p )pl2. We can integrate this to find the distance traveled; S = ( VJa ) In (1 + at), a = ( K/m)V„. Now work 
out some numbers. From Table A-21, C Dp ~ 1.2; hence C Dp A c + C Dp A p = 0.3(1) + 1.2(jr/4)(2) 2 = 4.07 m 2 . Then 
( K/m)V 0 = 5(4.07)(1.2)(100)/2000 = 0.122 s' 1 = a. Now make a table of the results for V and 5 




24.37 A thin flat plate, 0.5 m by 1.0 m, is immersed in a stream of glycerin at 20 °C and a velocity of 6 m/s. Compute 
the viscous drag if the stream is parallel to the short side. 

I F D = C D p(V 2 /2)A N r = pDV/p = (1258)(0.5)(6)/1.49 = 2533 (laminar) 

C D = 1.328 /VN~ R = 1.328/V2533 = 0.0264 (F D ) total = (2)(0.0264)(1258)(6 2 /2)[(1.0)(0.5)] = 598 N 
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24.38 Solve Prob. 24.37 if the stream is parallel to the long side. 

I F d = C D p(V 2 l2)A N r = pDV / fi = (1258)(1.0)(6)/1.49 = 5066 

C D = 1.328/VNr = 1.328/V5066 = 0.0187 (F D ) total = (2)(0.0187)(1258)(6 2 /2)[(1.0)(0.5)] = 423 N 

24.39 A ship is 180 m long and has a wetted area of 8000 m 2 . Estimate the power expended against drag when the ship 
moves at 3.86 m/s in sea water at 20 °C. 

I P = F d V F d = C dP (V 2 /2)A Co = 0.031/Aj,' 7 

N r = pDV/fi = (1028)(180)(3.86)/(1.07 x 10~ 3 ) = 6.68 x 10 8 
C D = 0.031/(6.68 x 10 8 ) 1 " = 0.00170 F D = (0.00170)(1028)(3.86 2 /2)(8000) = 104 154 N 

P = (104 154)(3.86) = 0.402 MW 

24.40 A blimp has the form of an ellipsoid of revolution, L = 225 ft long and D = 45 ft in diameter. Estimate its 
skin-friction drag when the blimp moves at 55 mph through still air at 68 °F and 12 psia (p = 0.001906 slug/ft 3 ; 
fx = 3.76 x 10~ 7 slug/ft-s). 

I F D = C D p(V 2 /2)A C D = 0.031/A^ 7 

N r = pLV/p = (0.001906)(225)(i x 88)/(3.76 x 10“ 7 ) = 9.20 x 10 7 C u = 0.031/(9.20 x 10 7 ) 1/7 = 0.00226 

By calculus, A = (nLD! 2)[A + (sin -1 Vl - A 2 )/Vl — A 2 ], where A = D/L = 1/5. For an estimate, neglect A 2 : 

^ ^££(225X45) j^I + f j ^ 28 000 ft 2 F D = (0.00226)(0.001906) * 8 — (28 000) = 392 lb 

24.41 A hydrofoil 750 mm long and 3.2 m wide skims at 15 m/s. Using flat-plate theory, estimate the drag if 
(TVff )trans = 5 x 10 5 for a smooth bottom. 

I F„ = CoP(V 2 l2)A Co = 0.031/A^ 7 - 1440//V,, 

N„ = pDV/p = (998)(0.750)(15)/(1.02 x 10~ 3 ) = 1.10 x 10 7 (turbulent) 

C D = 0.031/(1.10 x 10 7 ) 1 " - 1440/(1.10 x 10 7 ) = 0.00293 
(Fo)totai = (2)(0.00293)(998)(15 2 /2)[(0.750)(3.2)] = 1579 N 

24.42 Solve Prob. 24.41 for a rough bottom (e = 0.1 mm). 

f F d = CoP(V 2 /2)A L/e = 750/0.1 = 7500 (fully rough) 

C D = [1.89 + 1.62 log (L/c)]-* 5 = (1.89 -F 1.62 log 7500)-* 5 = 0.00525 

(FdXou. = (2)(0.00525)(998)(15 2 /2)[(0.750)(3.2)] = 2829 N 

24.43 An airplane travels at 230 m/s at an altitude of 9 km. It has a smooth wing measuring 6.5 m by 50 m (transverse 
dimension). Estimate the power required to overcome friction drag. 

I P = F d V F d = C D p(y z /2)A C D = 0.031/Nr 7 

N r = pLVIp = (0.470)(6.5)(230)/(1.50 x 10- 5 ) = 4.68 x 10 7 C D = 0.031/(4.68 x 10 7 ) 1/7 = 0.00249 
(F D ) to t.i = (2)(0.00249)(0.470)(230 2 /2)[(6.5)(50)] = 0.02012 MN 
P = (0.02012)(230) = 4.628 MW 

24.44 If, in Prob. 24.43, the wing requires 14 MW to overcome friction, estimate the wing roughness e. 

I P = F d V 14 x 10 6 = (F o )(230) F d = 60 870 N = C D p(V 2 /2)A 

60 870/2 = (C D )(0.470)(23072)[(6.5)(50)] C D = 0.00753 
From Fig. A-59, L/e = 1750. e = mo = 0.00371 m, or 3.71 mm. 

24.45 A flat barge 12 m wide and 35 m long moves at 2 knots (1.029 m/s) in sea water at 20 °C. Estimate the friction 
drag if the bottom of the barge has roughness height 4 mm. 

f Fo = C D p(V 2 /2)A L/c = 35/0.004 = 8750. 

From Fig. A-59, C D = 0.0052; F D = (0.0052)(1028)(1.029 2 /2)[(12)(35)] = 1189 N. 
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24.46 A shark 60 cm in diameter and 5.5 m long swims at 24.69 m/s in sea water at 20 °C. Estimate the power required 
to overcome friction drag if (iV R ) crjt = 5 x 10 5 and e = 0.5 mm. 

I F d = C ri p(V 2 /2)A N r = pDV/p = (1028)(5.5)(24.69)/(1.07 x 10 3 ) = 1.30 x 10 s (roughness prevails) 

L/e = 5.5/5 xl0“ 4 = 11 000 

From Fig. A-59, C D = 0.00490. F D = (0.00490)(1028)(24.69 2 /2)[(jr)(0.60)(5.5)] = 15.92 kN. 

24.47 A smokestack 2.2 m in diameter and 42 m high is subjected to a wind of 22 m/s. Estimate the drag force and the 
bending moment about the base (p air = 1.2255 kg/m 3 and p air = 1.78 x 10 -5 Pa-s). 

f F d = C D p(V 2 /2)A N R = pDV/p = (1.2255)(2.2)(22)/(1.78 x 10“ 5 ) = 3.33 x 10 6 

Turbulent: C D = 0.3. F r> = (0.3)(1.2255)(22 2 /2)[(2.2)(42)] = 8221 N, M ba „ = (8221)(f) = 173 kN • m. 

24.48 A log 2.2 m in diameter and 22 m long is towed at a constant speed of 3 m/s in fresh water at 20 °C. Find the 
horsepower required if the log is towed lengthwise. 

I F D = C D p(V 2 l2)A N r = pDV/p = (998)(22)(3)/(1.02 x 10“ 3 ) = 6.46 x 10 7 

From Table A-21, C D * 1.05 at L/D » 10. F D = (1.05)(998)(3 2 /2)[(jr)(2.2) 2 /4] = 17.925 kN. P = (17.925)(3) = 
53.78 kW = 72 hp. 

24.49 A seine consists of 1-mm-diameter cord knotted into 20-mm squares. Estimate the drag of 1 m 2 of such a net 
when towed normal to its plane at 3.5 m/s in sea water. 

I F D = C D p(V 2 /2)A N r = pDV/p — (1028)(0.001)(3.5)/(1.07 x 10~ 3 ) = 3.36 x 10 3 

From Fig. A-60a, C D = 1.0. For a single 20-mm side: F D = (1.0)(1028)(3.5 2 /2)[(0.020)(0.001)] = 0.126N. Since 
1 m 2 of net contains 5000 sides, F„ = (0.126)(5000) = 630 N. 

24.50 A filter may be idealized as an array of cylindrical fibers normal to the flow, as in Fig. 24-6a. Assuming that the 
fibers are uniformly distributed and have drag coefficients given by Fig. A-61a derive an approximate expression 
for the pressure drop A p through a filter of thickness L. 

I Let N = number of fibers per unit area of filter, D = fiber diameter, b = filter width, H = filter height, and 
L = filter length (see Fig. 24-6 b). Each fiber has drag of F D = C D p(V 2 /2)Db. Force balance on filter: 

A pHb = E F fibcrs = NHLC»p(V 2 /2)Db, A p = NLC n p(V 2 /2)D. 


Filter section 



Fig. 24-6 

24.51 Apply Prob. 24.50 to a filter consisting of 0.25-mm-diameter fibers packed 9/mm 2 section in the plane of Fig. 
24-6a. For sea-level standard air flowing at 1.5 m/s, estimate the pressure drop through a filter 35 mm thick. 

I A p = NLC D p(V 2 /2)D N = 9 x 10 6 /m 2 

N r = pDV/p = (1.2255)(0.25 x 10 3 )(1.5)/(1.78 x 10“ 5 ) = 25.8 
From Fig. A-61«, C D = 1.0. Ap = (9 x 10 6 )(0.035)(1.0)(1.2255)(1.5 2 /2)(0.25 x 10" 3 ) = 109 Pa. 
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24.52 A 1 -pm-diameter volcanic dust particle has a specific weight of about 26.2 kN/m 3 . Approximately how long will 
it take the particle to reach the earth from an altitude of 8 km? 

f By Stokes' law, the velocity of slow fall, v, satisfies F D = W net = 3 jipDv. Assume average values of 
y air = 8.6 N/m 3 and p air = 1.7 x 10” s Pa • s. 

W = yV W„ ct = (26 200 - 8 . 6 )(jtD 3 / 6 ) = 13 714D 3 
13 714D 3 = (3)(jr)(1.7 x 10” 5 )(D)(u) u = 8.56 x 10 7 D 2 = 8.56 x 10 ” 5 m/s 
r = ( 8 x 10 3 )/(8.56x 10' 5 ) = 9.35 x 10 7 s or 1082 days 

24.53 A radar installation is approximated by a 16-m-diameter sphere atop a 1.25-m-diameter, 22-m-tall pole. 
Estimate the bending moment at the base during hurricane winds of 100 mph. Use p ait = 1.2255 kg/m 3 . 

f F = C D p(V 2 /2)A. Estimate C D = 0.2 for sphere and 0.3 for rod; 100 mph = 45 m/s. 

^sphere = (0.2) (1.2255) (45 2 /2) [ (Jr) (16 2 ) / 4 ] = 49.90 kN F rod = (0.3)(1.2255)(45 2 /2)[(1.25)(22)] = 10.24 kN 

M base = (49.90)(22 + f) + (10.24)(f) = 1600 kN • m 

24.54 A boxcar measures 10 ft high, 40 ft long, and 6 ft wide; it stands 3 ft above tracks 4.8 ft apart and has gross 
weight 45 000 lb. What hurricane wind would topple the boxcar? 

f F„ = C D p(V 2 /2)A. From Table A-21, C D = 1.2; and the area is that of one side of the boxcar; hence, 

F d = (1.2)(0.00237)(E 2 /2)[(10)(40)] = 0.5688V 2 , Af overturning = (0.5688V 2 )(3 + f) = 4.550V 2 , M righting = 

(45 000)(4.8/2) = 108 000 lb-ft, 4.550V 2 = 108 000, V = 154.1 ft/s, or 105 mph. 

24.55 A long copper wire, 0.5 in in diameter, is stretched taut and is exposed to a wind of velocity 90.0 fps normal to 
the wire. Compute the drag force per foot of length. 

I Fo = C n p(V 2 l2)A N R = DV/v = (0.5/12)(90.0)/(1.6 x 10” 4 ) = 2.34 x 10 4 

From Fig. A-62, C D = 1.30. F„ = (1.30)(0.00233)(90.0 2 /2)[(0.5/12)(1)] = 0.511 lb per foot. 

24.56 Consider the area on one side of a moving van to be 600 ft 2 . Determine the resultant force acting on the side of 
the van when the wind is blowing at 10 mph normal to the area (a) when the van is at rest and ( 6 ) when the van 
is moving at 30 mph normal to the direction of the wind. In (a) use C D = 1.30, and in (6) use C D = 0.25 and 

C L = 0.60. (p = 0.00237 slug/ft 3 ) 

f (a) The force acting normal to the area = C D {p/2)AV 2 . Then Resultant force = 
1.30(0.00237/2)(600)[(10)(^)] 2 = 199 lb normal to area. 

(b) It will be necessary to calculate the relative velocity of the wind with respect to the van. From kinetic 
mechanics, V wlnt | V w , n j/ van 1 * V.an■ 

Figure 24 -7 indicates th is vector relationship, i.e., OB = OA++AB = 30.0+-» V w/v . Thus the relative 
velocity = V(30) 2 + (10) 2 = 31.6 mph to the right and upward at an angle Q = tan ” 1 35 = 18.4°. 

The component of the resultant force normal to the relative velocity of wind with respect to van is Lift 
force = C L (pl2)AV 2 = 0.60(0.00237/2)(600)[(31.6)(j^)] 2 = 916 lb normal to the relative velocity. The 
component of the resultant force parallel to the relative motion of wind to van is Drag force = 
C n (p/2)AV 2 = 0.25(0.00237/2)(600)[(31.6)(fls§)] 2 - 382 lb paral lel to the relative velocity. 

Referring to Fig. 24-76, the resultant force = V(916) 2 + (382) 2 = 992 lb at an angle a = tan ” 1 fgf = 
67.4°. Hence the angle with the longitudinal axis (2f axis) is 18.4° + 67.4° = 85.8°. 

24.57 A man weighing 170 lb is descending from an airplane using an 18-ft-diameter parachute. Assuming a drag 
coefficient of 1.00 and neglecting the weight of the parachute, what maximum terminal velocity will be attained? 

f The forces on the parachute are the weight down and the drag force up. F D = C D p(V 2 /2)A, 170 = 
(1.00)(0.00237)(V 2 /2)[(jt)( 18) 2 /4], V = 23.7 ft/s. 

24.58 A 1-in-diameter sphere of lead weighing 710 lb/ft 3 is moving downward in an oil at a constant velocity of 
1.17 fps. Calculate the absolute viscosity of the oil if its specific gravity is 0.93. 

I Fo = (yiead — yoil)(Y lead ) — C dP (V 2 /2)A 

[710 - (0.93)(62.4)][(^)( 1 L) 3 /6] = C 0 [(l.94)(0.93)](1. 17 2 /2 )[(jt)(^) 2 /4] C D = 29.3 

From Fig. A-62, N R = 0.85 for C„ = 29.3. N R = pDV/p, 0.85 = [(1.94)(0.93)](£)(1.17)/p, M = 0.207 lb-s/ft 2 . 
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(a) 



Fig. 24-7 


24.59 A sphere, 0.5 in in diameter, rises in oil at the maximum velocity of 0.12 fps. What is the specific weight of the 
sphere if the density of the oil is 1.78 slugs/ft 3 and the absolute viscosity is 0.000710 lb-s/ft 2 ? 

I F D = F b — W = C D p(V 2 /2)(A) N r = pDV/p = (1.78)(0.5/12)(0.12)/0.000710 = 12.5 

From Fig. A-62, C D = 3.9 for N„ = 12.5. [(jr)(0.5/12) 3 /6] [(1.78/1.94)(62.4)] -W = 

(3.9)(1.78)(0.12 z /2)[(;r)(0.5/12) 2 /4], W = 0.002100 lb; y = 0.002100 /[(jt)(0.5/12) 3 /6] = 55.4 lb/ft 3 . 

24.60 Measurements on a smooth sphere, 6 in in diameter, in an air stream (68 °F) gave a force for equilibrium equal 
to 0.250 lb. At what velocity was the air moving? 

f Total drag = C D pAV 2 /2, where C D = overall drag coefficient. Since neither Reynolds number nor C D can be 
found directly, assume C D = 1.00. Then 0.250 = C D (0.00233)U( 3 ) 2 (V 2 /2), V 2 = 1093/C n> V = 33.1 ft/s. 
Calculate N R = Vd/v = 33. l(j)/(16.0 x 10 5 ) = 103000. From Fig. A-62, C D = 0.59 (for spheres). Then 
V 2 = 1093/0.59 = 1853, V = 43.0 ft/s. Anticipating result, use V — 44.0 ft. Recalculate N K = Vd/v — 

44.0(|)/(16.0 x 10 5 ) = 137 500. From Fig. A-62, C D = 0.56. Then V 2 = 1093/0.56 = 1952, V = 44.2 ft/s 
(satisfactory accuracy). 

24.61 What should be the diameter of a sphere (s.g. = 2.50) in order that its freely falling velocity at 60 °F attains the 
acoustic velocity? 

f F d = W = C D p(V 2 /2)A. Fr om Fig. A-63, C D = 0.80. V = c = VkgRT. For air at 60 °F, c = 
V(1.40)(32.2)(53.3)(460 + 60) = 1118ft/s, [(2.50)(62.4)](^ 3 /6) = (0.80)(0.00237)(1118 2 /2)(^d 2 /4), d = 11.4ft. 

24.62 The fixed keel of a Columbia 22 sailboat is about 38 in long (see Fig. 24-8). Moving in Lake Ontario at a speed 
of 3 knots, what is the skin drag from the keel? The water is at 40 °F. Solve this problem using rectangular plate 
of length 38 in and width 24.5 in, which is the average width of the keel. Transition takes place at a Reynolds 
number of 10 6 . 

f Compute the plate Reynolds number for the rectangular model of the keel. 

N k = VI/v = [(3)(1.689)](24.5/12)/(1.664 x 10 -5 ) = 6.22 x 10 5 (1) 

We thus have a laminar boundary layer. We get the plate coefficient of drag using 

C f = 1.328/Va/r = 1.328/V6.22 X 10 5 = 1.684 x 10 ~ 3 (2) 

Next we get the skin drag, realizing that there are two sides to be considered. Thus, 

D = 2 [(C f )tipVl)(A)] = 2{(1.684 x 10- 3 )a)(1.940)[(3)(1.689)] 2 [(38)(24.5)/144]} = 0.542 lb (3) 

24.63 Solve Prob. 24.62 using the actual dimensions of the keel as shown in Fig. 24-8. Compare answers and comment 
on the result. 

f For this purpose, consult Fig. 24-9 in which a keel with an infinitesimal slice dz is depicted. The length l(z) 
of the slice is 

/ = H + (z/38)(19) = 1.250 + 0.5z ft (4) 

with z in feet. Now let us first see if we have transition anywhere on the keel. Looking at the uppermost 
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Fig. 24-8 


portion, we have for (N R ) max 

(Y R ) max = Vl m Jv = [(3)(1.689)](n)/(1.664 x 1(T 5 ) = 8.63 x 10 5 

We have only a laminar boundary layer. For an infinitesimal plate of length l = 1.250 + 0.5z ft, C f — 
1.328/(VZ/v) l/2 = 1.328{[(3)(1.689)/(l.664 x 10- 5 )](1.250 + 0.5z)}- 1 ' 2 . Now for the drag D, 

J . 38/12 

C/(|pVo)(1.250 + 0.5z)(<fz) 

0 

= 2| 38/12 1.238[ i ( ^ 1 x 6 ^ (1.250 + 0.5z)j ' /2 (^)(1.940)[(3)(1.689)] 2 (1.250 + 0.5 z)dz 

J r3.17 

(1.250 + 0.5 z)' n dz 

0 

Let 1.250 + 0.5z = rj; therefore 0.5dz = dr), dz = 2dr\. Hence, 


D = 


0.1199 

0.5 


( 


:833 0 11 QQ 

r > ,,2 d n=^fr t » 2 (l) 

250 3 


= 0.539 lb 


The averaging process in Prob. 24.62 gave a very good result when compared with the result above. 


(5) 



z measured in feet 


Fig. 24-9 


24.64 The United States at one time in the thirties had three large dirigibles—the Los Angeles, the Graf Zeppelin, 

and the Akron. Two of them were destroyed by accidents. The largest was the Akron, having a length of 785 ft 
and a maximum diameter of 132 ft. Its maximum speed was 84 mph. The useful lift was 182 000 lb. 

Moving at top speed, estimate the power needed to overcome skin friction, which is a significant part of the 
drag. Disregard effects of protrusion from engine cowlings, cabin region, etc. Assume that the surface is 
smooth. Take the critical Reynolds number to be 500 000. Consider the Akron at 10 000-ft standard 
atmosphere. 
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f We can make a reasonable estimate of the skin drag by “unwrapping” the outer surface of the Akron to 
form a flat plate. As a first step, we wish to calculate the plate Reynolds number. For this we find from the 
standard atmosphere table that p = (0.7385)(0.002378) = 0.001756 slug/ft 3 , T = 23.3 °F. From the viscosity 
curves in Fig. A-l, we then find that p = 3.7 x 10 ~ 7 lb-s/ft 2 . We can now compute N R = pdV/p: 

N r = (0.001756)[(84)(Si)](785)/(3.7 x 10~ 7 ) = 4.59 x 10 8 ( 1) 

We will use the Prandtl-Schlichting skin-friction formula with A = 1700: 

C r = [0.455/(log A r ) 2 58 ] - (A/N r ) = {0.455/[log (4.59 x 10 8 )] 2 S8 } - [1700/(4.59 x 10 8 )] = 1.730 x 10 ~ 3 (2) 

Now going to D = C f (ipVl)(bL), we have for the drag D owing to skin friction using the maximum diameter of 
132 ft: 

D = (1.730 x 10~ 3 )G)(0.001756)[84(ig)] 2 (785)[(;ir)(132)] = 7505 lb (3) 


The power needed then is 


Power = (7505)(84)(lg)/550 = 1681 hp 


( 4 ) 


24.65 In Prob. 24.64, we computed the skin drag for the dirigible Akron using smooth flat-plate theory. Let us now 

evaluate the admissible roughness e adm for the result^ Prob. 24.64 to be valid. Then using a roughness of 0.05 in, 
recompute the skin-friction drag. What is the power needed to overcome this drag at the top speed of 84 mph? 

f We can immediately solve for the admissible roughness and hence the largest roughness that will still give 
hydraulically smooth flow. Using the plate Reynolds number from Prob. 24.64, we have 

^adm = L(100/N r ) = (785)[100/(4.59 x 10 8 )] = 1.710 x 10 “ 4 ft = 0.00205 in (1) 

For the dirigible, the actual roughness coefficient is 0.05 in. Now L/e is 785/(0.05/12) = 1.884 x 10 5 , so that on 
consulting Fig. A-64 we are clearly in the rough zone. We accordingly use 

C t = [1.89 + 1.62 log (L/e )]- 2 5 = {1.89 + 1.62 log [785/(0.05/12)]} " 2 5 = 0.002843 (2) 

For the skin drag, we have, using 0.001756 slug/ft 3 for p, D - (0.002843)(5)(0.001756)[(84)(|^)] 2 (785)(jr)(132) = 
12 333 lb. The power needed to overcome skin friction is Power = (12 333)(84)(§§§|})/550 = 2763 hp. 


24.66 In Prob. 24.62, consider that the surface is rough with e = 0.009 in. Also, consider that transition takes place at 
(N R ) cri , = 3.2 x 10 6 . Calculate the skin drag on the keel as accurately as you can. 

f From Prob. 24.62, we see that the plate Reynolds number ranges from 3.81 x 10 s at the bottom of the keel 
to 8.63 x 10 5 at the top of the keel. The ratio L /e ranges from 1.667 x 10 3 at the bottom to 3.778 x 10 3 at the 
top. Considering Fig. A-64, we see that at both extremes we are in the transition zone of flow. We accordingly 
will use C f = [0.031/(/V r ) 1 ' 7 ] — ( A/N R ) for C f . We will furthermore use strips of width dz (see Fig. 24-9) and of 
length (1.250 + 0.5z) ft, with z measured in feet. We have for Qfor such a strip 


0.031 1050 

f ~ {[(3)(1.689)(1.250 + 0.5z)]/(1.664 x 10 “ 5 )} ,/7 {[(3)(1.689)(1.250 + 0.5z])/(1.664 x 10“ 5 )} 

= 0.00510(1.250 + 0.5 z)~ in - 0.00345(1.250 + 0.5z)-' 

The drag D then becomes 


J f-38/12 

C f (ipV 2 o )(\.250 + 0.5z)dz 

0 

J -38/12 

[(0.00510)(1.250 + 0.5 z)~ ln - (0.00345)(1.250 + 0.5z)-']G)(1.490)[(3)(1.689)] 2 (1.250 + 0.5z) dz 

0 

,3.17 

= [0.254(1.250 + 0.5Z) 677 — (0.1718) dz 

Jo 


Integrating, we get 


D = (0.254X1.250 + 0-5z) , 3 , 7 Q(^) 


(0.1718)(3.17) = 0.936 lb 


We see that we get almost a doubling of the drag. In racing sailboats, every ounce of drag counts, so sailors 
carefully smooth the wetted surfaces of their boats. 
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24.67 We will consider the dirigible Akron once again for drag (see Prob. 24.64). This time we will use an ellipsoidal 
body of revolution from Table A-22 to represent the dirigible. Estimate the pressure drag. 

f The coefficient of drag should correspond to an ellipsoid whose L/D max = lit = 5.95. For turbulent flow, we 
estimate C D using simple interpolation from the 4:1 to the 8 :1 ellipsoids: 

C D = 0.06 + [(5.95 - 4)/4](0.13 - 0.06) = 0.094 (1) 

Now the total drag is next computed using 

D = C D A(pV 2 J2) = (0.094)[(jr)(132 2 )/4K')(0.001756)[84(ii)] 2 = 17 143 lb (2) 

We can now estimate the pressure drag on the Akron using the drag from Prob. 24.64. Thus considering 
hydraulically smooth flow, D press = 17 143 - 7505 = 9638 lb. The total power needed to move the Akron should 
be P = (17 143)[(84)(!|§H)]/550 = 3840 hp. The Akron actually had 8450-hp diesel engines. 


24.68 A well-streamlined car can have a drag coefficient as low as 0.45 compared with old-fashioned cars whose drag 
coefficient could be as high as 0.9 (see Fig. A-65). Consider a car with a drag coefficient of 0.45 moving at the 
speed of 100 km/h. The frontal area of the car is 2 m 2 and its mass with driver is 1300 kg. How far must it move 
to halve its speed if the engine is disengaged and the vehicle rolls freely along a straight flat road with negligible 
wind present. Neglect the rotational effects of the wheels but consider that the coefficient of rolling resistance, 
a, of the tires is 0.50 mm. The air temperature is 20 °C. The tire diameter is 450 mm. 

f You will recall from your statics course that the resistance to rolling F R is given as 

F r = Pa/r (1) 

where P = normal force on wheel, a = coefficient of rolling resistance, r = radius of wheel. 

For this problem, we have for the total effect of the four wheels F R = [(1300)(9.81)](0.50 x 10 -3 )/0.225 = 

28.34 N. The drag force from the air is next computed: 

D = C o apV 2 )(A) = (0.45)G)(p)(V 2 )(2) (2) 

For p we have p = p/RT — 101 325/[(287)(293)] = 1.205 kg/m 3 . Hence we have for D 

D = 0.542V 2 (3) 


We next express Newton’s law for the car: M(dV / dt ) = F. 

(1300 )(dV/dt) = -0.542V 2 - 28.34 

In order to separate variables with the distance x appearing, we may say, using the chain rule, 

dV/dt = (dV/dx)(dx/dt) = V(dV/dx) 

Now Eq. (4) becomes 1300 V(dV/dx) = -(0.542V 2 + 28.34). Separating variables, we get 

(1300V dV)/(0. 542V 2 + 28.34) = -dx 

Let T) = 0.542V 2 + 28.34: 


(4) 

(5) 

( 6 ) 


dr] = 1.084V dV (7) 

Making the above substitution of variable, we get (1300/1.084)(dtj/r;) = — dx. Integrating, 1.199 x 10 3 In T] = 

—x + C: 

1.199 x 10 3 In (0.542V 2 + 28.34) =-x + C ( 8 ) 

When * = 0, V = 100(S) = 27.78 m/s. We can determine C: 1.199 x 10 3 In [(0.542)(27.78) 2 + 28.34] = C, 

C = 1.199 x 10* In 446.6. Equation ( 8 ) can now be written as 

In [(0.542V 2 + 28.34)/446.6] = -x/(1.199 x 10 3 ) (9) 

Let V = 50(S) = 13.89 m/s. We get for x 

In {[(0.542)(13.89) 2 + 28.34]/446.6} = -x/(l. 199 x 10 3 ) x = 1453 m (10) 


The vehicle moves a distance of 1453 m. Actually, by including the rotational energy of the wheels, the vehicle 
would move even farther. 


24.69 A jet aircraft discharges solid particles of matter 10 pm in diameter, s.g. = 2.5, at an altitude of 11 km. Assume 
the viscosity p of air, in Pa • s, to be expressed by p = 1.78 x 10 ~ 5 — 3.06 x 10~ 10 y> where y is altitude, in m. 
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Estimate the time for these particles to reach sea level. Neglect air currents and wind effects. 

I By Stokes’ law (Prob. 24.52), u = (D 2 / 18p)(y 3 — y). Writing u = —dy/dt and recognizing the unit weight of 
air to be much smaller than the unit weight of the solid particles, one has —dy/dt ~ (D 2 /18)(y s / ft): 


1 

i i 

L(io x io“ 6 ) 2 J 

l2.5(9806)J 


dy 


•'ll 000 

T = (1/86 400)[1.78y - (3.06 x 10“ 5 y 2 )/2]^ 1 ““^^S) = 15.07 days 


24.70 How many 32-m-diameter parachutes ( C D = 1.2) should be attached to a 100-kN load to ensure a terminal 
speed of 10 m/s, if air pressure and temperature are 100 kPa and 10 °C? 

f For one parachute, 

F D = C D p(V 2 l2)A p=p/RT=100 000/[(287)(10 + 273)] = 1.231 kg/m 3 
F d = (1.2)(1.231)(1072)[(jt)( 32)74] = 59.4 kN 
Thus, two parachutes should be sufficient. 

24.71 An 85-cm cubical box is tied to the roof of a car. Estimate the additional power needed to travel at 75 km/h 
(C D = 1.1 and p air = 1.2 kg/m 3 ). 

I P = F d V F d = C dP (V 2 /2)A 

V = (75)(1000)/3600 = 20.83 m/s F D = (l.l)(1.2)(20.83 2 /2)[(0.85)(0.85)] = 206.9 N 
P = (206.9)(20.83) = 4310 W = 5.78 hp 

24.72 A semitubular cylinder of 8-in radius with concave side upstream is submerged in water flowing 2 fps. Calculate 
the drag for a cylinder 20 ft long. 

/ f„ = C oP (V z /2)A. From Table A-23, C D = 2.3. F D = (2.3)(1.94)(2 2 /2)[(20)(8 + 8)/12] = 238 lb. 

24.73 A fully loaded, small aircraft weighing 5000 lb with a wing area (projected chord area) of 350 ft 2 is to take off at 
a horizontal velocity of 100 mph (146.7 fps). What is the necessary angle of attack (i.e., angle the wings make 
with the horizontal)? Assume the wings have the characteristics of the airfoil of Fig. A-66. Use 

p air = 0.00234 slug/ft 3 . 

I F l = C L p(v 2 /2)A 5000 = C/.(0.00234)(146.7 2 /2)(350) C L = 0.567 

From Fig. A-66, a = 6.0°. 

24.74 An aircraft weighing 1000.0 kN when empty has a wing area of 226 m 2 . It is to take off at a velocity of 300 km/h 
and a 20° angle of attack. Assume p ajr = 1.20 kg/m 3 . Also, assume the wing has the characteristics of the airfoil 
in Fig. A-66. What is the allowable weight of cargo? 

I F l = C,p(v 2 /2)A. From Fig. A-66, C L = 1.42. v = (300)(1000)/3600 = 83.33 m/s, F L = 
(1.42)(1.20)(83.33 2 /2)(226) = 1 337 000 N, or 1337 kN. This value (1337 kN) represents the total weight that can 
be lifted. Since the aircraft weighs 1000.0 kN when empty, it can carry, in theory, 1337 - 1000 = 337 kN of 
cargo. 

24.75 A fully loaded aircraft weighing 10 000 lb with a wing area of 450 ft 2 is to take off at a horizontal velocity of 
125 mph (183.3 fps). What is the necessary angle of attack? Assume the wings have the characteristics of the 
airfoil of Fig. A-66. Use p air = 0.00234 slug/ft 3 . 

I F l = C L p(v 2 /2)A 10 000 = C L (0.00234)(183.3 2 /2)(450) C,. = 0.565 

From Fig. A-66, a = 6.0°. 

24.76 An aircraft weighing 65.2 kN when empty has a wing area of 62.3 m 2 . It is to take off at a velocity of 250 km/h 
and a 5.0° angle of attack. Assume p air = 1.20 kg/m 3 . Also, assume the wing has the characteristics of the airfoil 
in Fig. A-66. What is the allowable weight of cargo? 

I F l = C,p(v 2 /2)A. From, Fig. A-66, C L = 0.50. v = (250)(1000)/3600 = 69.44 m/s, F, = 
(0.50)(1.20)(69.44 2 /2)(62.3) = 90 000 N, or 90.1 kN; W carg „ = 90.1 - 65.2 = 24.9 kN. 



24.77 


24.78 


24.79 


24.80 
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A 3-ft by 4-ft plate moves at 44 ft/s in still air at an angle of 12° with the horizontal. Using a coefficient of drag 
C D = 0.17 and a coefficient of lift C, = 0.72, determine (a) the resultant force exerted by the air on the plate, 
(b) the frictional force and (c) the horsepower required to keep the plate moving. (Use y = 0.0752 lb/ft 3 .) 

I (a) Drag force = C D (y/g)A(V 2 /2) F D = 0.17(0.752/32.2)(12)[(44) 2 /2] = 4.61 lb 

Lift force = C t (y/g)A(V 2 /2) F L = 0.72(0.0752/32.2)(12)[(44) 2 /2] = 19.5 lb 

Referring to Fig. 24-10, the resultant of the drag and lift components is R = V(4.61) 2 + (19.5 ) 2 = 

20.0 lb acting on the plate at 6 X = tan -1 (19.5/4.61) = 76°42'. 

( b) The resultant force might also have been resolved into a normal component and a frictional component 
(shown dotted in the figure). From the vector triangle, frictional component = R cos (6 X + 12°) = 
20.0(0.0227) = 0.45 lb. 

(c) Horsepower = (force in direction of motion)(velocity)/550 = (4.61)(44)/550 = 0.369 



If an airplane weighs 4000 lb and has a wing area of 300 ft 2 , what angle of attack must the wings make with the 
horizontal at a speed of 100 mph? Assume the coefficient of lift varies linearly from 0.35 at 0° to 0.80 at 6 ° and 
use y = 0.0752 lb/ft 3 for air. 

f For equilibrium in the vertical direction, SY = 0. Hence, lift - weight = 0, or weight = C L yA(V 2 /2g), 

4000 = C L (0.0752)(300){[(100)(3^)] 2 /2g}, C L = 0.53. By interpolation between 0° and 6 °, angle of attack = 2.4°. 

What wing area is required to support a 5000-lb plane when flying at an angle of attack of 5° at 88 ft/s? Use 
coefficients given in Prob. 24.78. 

f From given data, C L = 0.725 for 5° angle by interpolation. As in Prob. 24.78, weight = lift, 5000 = 

0.725(0.0752/32.2)A(88) 2 /2, A = 763 ft 2 . 

A kite weighs 2.50 lb and has an area of 8.00 ft 2 . The tension in the kite string is 6.60 lb when the string makes 
an angle of 45° with the horizontal. For a wind of 20 mph, what are the coefficients of lift and drag if the kite 
assumes an angle of 8 ° with the horizontal? Consider the kite essentially a flat plate and y air = 0.0752 lb/ft 3 . 

f Figure 24-11 indicates the forces acting on the kite taken as a free body. The components of the tension are 
4.661b each. 



Fig. 24-11 
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24.83 


24.84 
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From E X = 0, drag = 4.66 lb. From E Y = 0, lift = 4.66 + 2.50 = 7.16 lb. Drag force = C D pAV 2 /2, 
4.66 = C o (0.0752/32.2)(8.00)[(20)(ii)] 2 /2. C D = 0.58. Lift force = C L pAV 2 /2, 7.16 = 

C L (0. 0752/32.2)(8.00)[(20)(§i)] 2 /2, C, = 0.89. 


If the minimum landing speed (Km) of the Mustang racer is 1.3 times the stall speed, what is the minimum 
landing speed for this plane with flaps at 40°? The Mustang has a wing area of 233 ft 2 and a weight of 9500 lb. 
Take p to be 0.002378 slug/ft 3 and (C L ) max as 1.65. 

f K,a„ = = V(2)(9500)/[(0.002378)(1.65)(233)] = 144.2 ft/s or 98.3 mph 

Kiin = (1.3)(98.3) = 128 mph 


When a wing of 2-m chord moves through still air (y = 11.3 N/m 3 ) at 138 km/h, the mean velocity along the top 
surface is 160 km/h (44.45 m/s) and that along the bottom surface is 130 km/h (36.11 m/s). Estimate the lift per 
unit length of span. 

I Lift = (Ap)(c) P,„ p /y + v 2 „ p /2g = p boKO Jv + < mom /2g 

Ptop/H-3 + 44.45 2 /[(2)(9.807)] =p bottom /11.3 + 36.11 2 /[(2)(9.807)] 

Pbottom - P.op = A p = 387.1 N/m 2 Lift = (387.1)(2) = 774 N/m 


For a rectangular Clark Y airfoil of 6 -ft chord by 36-ft span, find the value of the friction coefficient t] if the 
angle of attack a = 5.4° when the wing is moving at 300 fps through standard atmosphere at altitude 10 000 ft. 
Find the weight which the wing will carry and the horsepower required to drive it. 

I From Fig. A-67, with a = 5-4°, C L = 0.8, C a = 0.047. From Fig. A-68, for B/c = 6, r = 0.175. a,(radians) = 
[CJn{Blc)\{ 1 + r) = [0.8/jr(?)](l + 0.175) = 0.0499 rad = 2.86°. From Fig. A-69, or 0 = or - a, = 5.40 - 2.86 = 
2.54° and since the angle of zero lift is -5.6°, a„ = 2.54 + 5.6 = 8.14° = 0.1421 rad, rj = C,J2na' 0 = 

0.8/[(2;r)(0.1421)] = 0.896. The wing will support a weight equal to the lift force, F L = C L p(V 2 /2)(B)(c). 

From Table A-7, at 10000 ft, p = 0.001756 slug/ft 3 . F L = (0.8)(0.001756)[(300) 2 /2](36)(6) = 13 650 lb while 
F d = (0.047/0.8)(13 650) = 802 lb, horsepower required = (802)(300)/550 = 437 hp. 


A cylinder 4 ft in diameter and 25 ft long rotates at 90 rpm with its axis perpendicular to an air stream with a 
wind velocity of 120 fps. The specific weight of the air is 0.0765 lb/ft 3 . Assuming no slip between the cylinder 
and the circulatory flow, find (a) the value of the circulation; (b) the transverse or lift force; and (c) the position 
of the stagnation points. 

# (a) Peripheral velocity v, = 2jiRn/60 = (2n){2)(m) — 18.85 fps, T = 2 xRv, = (2jt)( 2)(18.85) = 237 ft 2 /s. 

{b ) F, = pBUT = (0.0765/32.2)(25)(120)(237) = 1690 lb 

(c) sin 9, = ~r/4nRU = -237/(4jt2)(120) = -0.0786 

Therefore 9 X = 184.5°, 355.5°. Actually, the real circulation produced by surface drag of the rotating 
cylinder would be only about one-half of that obtained for the no-slip assumption. 


A wing with a 22-m span and 64-m 2 planform area moves horizontally through the standard atmosphere at 8 km, 
with a velocity of 760 km/h. If the wing supports 280 kN, find (a) the required value of the lift coefficient, 

( 6 ) the downwash velocity, assuming semielliptical distribution of lift over the span, and (c) the induced drag. 

I From Table A- 8 , p = 0.526 kg/m 3 ; V = (760)(1000)/3600 = 211.1 m/s. 

(а) F L =C L p(V 2 /2)A 280000 = C l (0.526)(211.1 2 /2)(64) C l = 0.373 

( б ) VJV = CJ[tc(B 2 IA)] Vi/211.1 =0.373 /[(jt)(22 2 /64)] V, = 3.31 m/s 

(c) (Cd), — C 2 J[jz(B 2 / A)] = 0.373 2 /[(jt)(22 2 /64)] = 0.00586 

(F d ), = (C„),(F ; 7CJ = (0.00586)(280 000/0.373) = 4399 N 
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24.86 A glider, of gross weight 350 lb, has a 3-ft-chord by 18-ft-span wing of the Clark Y section. Assuming that its 
characteristics are the same as those for the larger wing of the same aspect ratio shown in Fig. A-67, find the 
angle of glide through standard air at 2000 ft which will produce the greatest horizontal range. 

f From Fig. A-67 for maximum C,JC D : a = -0.1°, C, = 0.4, and C D = 0.019. For maximum range, glide 
angle /J is minimum. /? = arctan (F D /F,) = arctan (0.019/0.4) = 2.7°. 

24.87 A boat fitted with a hydrofoil weighs 4000 lb. At a velocity of 60 fps, what size hydrofoil is needed to support 
the boat? Use the lift characteristics in Fig. A-70 at an angle of attack of 2°. 

I F l = C L p(V 2 /2)A. From Fig. A-70, C L = 0.35. 4000 = (0.35)(1.94)(60 2 /2)A, A = 3.27 ft 2 . 

24.88 At what angle of attack should a 128-kN airplane be flown at a speed of 225 km/h, if the planform area is 75 m 2 ? 
What power is required to overcome wing drag? Assume a temperature of 30 °C and flaps at zero degrees. 

I F L = C,(k)pV 2 A 128 000 = (C/.)(5>(p)(225/3.6) 2 (75) p=p/RT 

p = 101 325/[(287)(303)] = 1.165 kg/m 3 C L = 0.751 a = 8 ° C D = 0.04 

F„ = (0.04)(|)(1.165)(225/3.6) z (75) = 6.825 kN P = (6.825)(225/3.6) = 426 kW = 570 hp 


24.89 The takeoff speed of the aircraft of Prob. 24.88 is about 1.3 times the stall speed. Calculate the takeoff distance 
for a constant thrust of 24 kN and a rolling resistance of 1.8 kN. Assume that the flaps are at 40°, the air is at 
30 °C, the overall coefficient of drag for the plane is 0.20, and the frontal area is 45 m 2 . 

f The stall speed occurs at the condition of (C ; ) max which here is 1.64. 

p = 101 325/[(287)(303)] = 1.165 kg/m 3 

V stall = V(2)W/[(p)(C,) max A] = V(2)(128000)/[(1.165)(1.64)(75)] = 42.3 m/s 

V at takeoff is (1.3)(42.3) = 55.0 m/s. By Newton’s second law. 


24 000 - 1800 - (0.2)(pV 2 /2)(45) = (128 000/g)V (dV/dx) 

7400 - 1.748V 2 = 4354V (dV/dx) (4354)(VdV)/(7400 - 1.748V 2 ) = dx 

Let 7400 - 1.748V 2 = r j, -3.50VdV = dr], VdV = {dr]/ 3.50). 


f 2 " 2 (—drj/3.50) 4354 l 2 " 2 

(4354) ---- = I dx =L i L, = 1560m 

J 7400 V Jo 3.50 J 7400 


24.90 An airplane with a planform wing area of 233 ft 2 is flying at an angle of attack of 3° at a speed of 200 mph. The 
air is at 40 °F, and the flaps are at zero degrees. Compute the weight of the plane. 

I C L = 0.35 L = CS)PV 2 A = W = (0.35)(!)(p)(V 2 )(A) 

p = (14.7)(144)/[(53.3)(g)(500)] - 0.00247 slug/ft 3 
W = (0.35)G)(0.00247)[(200)ii] 2 (233) = 8666 lb = 4.33 ton 

24.91 A boat is fitted with hydrofoils having a total planform area of 1.2 m 2 . At 11 knots, the stall speed, the 
coefficient of lift is 1.6 and the coefficient of drag is 0.6. Find the maximum weight and the minimum power 
corresponding to this stall speed. 

f w = F l = C,ii)pV 2 A = (1.6)(j)( 1000)[(11)(0.5144)] 2 (1.2) = 30.737 kN 

Fp = C„{{)pV 2 A = (0.6)G)(1000)[(11)(0.5144)] 2 (1.2) = 11.526 kN 
p = F„ V = (11.526)[(11)(0.5144)] = 65.2 kW 

24.92 The 9-in-wide, 4.5-ft-long flat blades of a ceiling fan are attached to an 8 -in-diameter core; the blades’ angle of 
attack is 15°. At what speed of rotation will the core experience zero vertical force? Each blade weighs 1.61b, 
and the room temperature is 40 °F. 
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f From Fig. A-71, C L = 0.79. Determine to by equating the lift on a single blade to its weight. 

F ‘ - p - (£$$$» * «■ «*** 

J p4.833 3 4.833 

(r«) 2 dr 1.6 = (0.000731)« 2 — = 0.000244 w 2 (4.833 3 - 0.333 2 ) 

0.333 3 0.333 

01 = 7.623 rad/s = (7.623/2 jt)( 60) = 72.8 rpm 


CHAPTER 25 

Basic Hydrodynamics 


25.1 


25.2 


Assuming p to be constant, do these flows satisfy continuity? (a) u = —2y, v = 3x\ (b) u = 0, v — 3xy\ 
(c) u = 2x, v = —2 y. Continuity for incompressible fluids is satisfied if du/dy + dv/dy = 0. 


1 

(«) 

[3(—2y)/3x] + [3(3x)/3y] = 0 + 0 = 0 

(continuity is satisfied) 


(*) 

[3(0)/3jc] + [3(3xy)/3y] = 0 + 3* # 0 

(continuity is not satisfied) 


(c) 

\3(2x)/3x] + [3(-2y)/3y] = 2-2 = 0 

(continuity is satisfied) 

Note: If ( b ) did indeed describe a flow field, the fluid must be compressible. 

Determine whether these flows are rotational or irrotational. (a) u 
(c) u = 2x, v = - 2 y. 

= -2y, v = 3x; ( b ) u = 0, v 

f 

If (3v/3x)- 

-( 3u/3y) = 0 (flow is irrotational): 



0 a) 

[3(3x)/3x] - [3(—2y)/3y] = 3 + 2 =# 0 

(flow is rotational) 


(*) 

[3(3xy)l3x] - [3(0)/3y] = 3y - 0 * 0 

(flow is rotational) 


(c) 

[3(-2y)/3x] - [3(2x)ldy] = 0-0 = 0 

(flow is irrotational) 


25.3 


Check these flows for continuity and determine the vorticity of each: (a) v, = 6 r, v r = 0; (b) v, = 0, v r — —5/r. 
f Applying the equations (v r /r) + ( 3v r /3r) + (dvjr 30) = 0, § = (dvjdr) + (vjr) — (dvjr 36). 


(a) 

( b) 


(0/r) + [3(0)/3r] + [3{6r)/r 30] = 0 
f = [3(6r)/3r] + ( 6 r/r) - [3(0)/r 36] = 6 + 6 - 0 = 12 
—[(5/r)/r] + [3{-5r-')/3r] + [3(0)/r 36] = -(5/r 2 ) + (5/r 2 ) + 0 = 0 
3(0) 0 3(-5/r) 

* dr r r 36 


(continuity is satisfied) 
(flow is rotational) 
(continuity is satisfied) 

(flow is irrotational) 


25.4 A flow is defined by u = 2jc and v = —2y. Find the stream function and potential function for this flow and plot 
the flow net. 

f Check continuity: (3u/dx) + ( 3v/3y ) = 2 — 2 = 0. Hence continuity is satisfied and it is possible for a stream 
function to exist: dip = — v dx + u dy = 2y dx +2x dy, ip = 2ry + C,. Check to see if the flow is irrotational: 

( 3v/3x) — {du/dy) = 0 — 0 = 0. Hence the flow is irrotational and a potential function exists: dtp = —u dx — 
vdy = —2x dx + 2y dy, <p — —{x 2 — y 2 ) + C 2 . The location of lines of equal ip can be found by substituting 
values of ip into the expression ip = 2 xy. Thus for ip = 60, x = 30/y. This line is plotted (in the upper right-hand 
quadrant) in Fig. 25-1. In a similar fashion lines of equal potential can be plotted. For example, for <p - 60 we 
have — (x 2 — y 2 ) = 60 and x = ±Vy 2 - 60. This line is also plotted on the figure. The flow net depicts flow in a 
corner. Mathematically the net will plot symmetrically in all four quadrants. 


25.5 Given a two-dimensional flow defined by w = 4 + 3 jc, v = 0. If this flow satisfies continuity, what can be said 
about the density of the fluid? 

f 3{pu)/3x = 0, or pv = c(y), or p = c(y)/(4 + 3 jc). Therefore, for each fixed y, the density p must decrease 
as x increases. 


25.6 The flow of an incompressible fluid is defined by u = 3, v = 9x. Does a stream function exist for this flow? If so, 
determine the expression for the stream function. 

f To find if a stream function exists, check for continuity. 3u/3x = 0, 3v/3y =0, w = 0. Thus, {3u/3x) + 
(dv/dy) + ( 3w/3z ) = 0 (continuity) is satisfied and a stream function exists. 

dip = — v dx + u dy = —9x dx + 3 dy ip = —4.5x 2 + 3y 
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y 



Fig. 25-1 


25.7 Plot the streamlines in the upper right-hand quadrant for the flow defined by ip = 1.6 * 2 + y 2 and determine the 
value of the velocity at x = 3, y = 4. 

I u = dip/dy =2y, v = — dip/dx = —3.2*. At (3, 4) u = 8, v = —9.6, V = V8 2 + 9.6 2 = 12.50. To plot 
streamlines, rewrite as y = (ip — 1.6x 2 ) 1/2 . Assume ip, compute y’s for different x's. See Fig. 25-2. 


Fig. 25-2 

25.8 The components of the velocities of a certain flow system are « = ~(Q/2n)[x/(x 2 + y 2 )] + By + C, 

v - -A[yl(x 2 + y 2 )] + Dx +E. (a) Calculate a value of A consistent with continuous flow. (A) Sketch the 
streamlines for this flow system, assuming B = C = D = E = 0. 

f (a) To satisy continuity 2-D flow: ( du/dx ) + (dv/dy) = 0. 

du/3x = -(Q/2jz){[(x 2 +y 2 )-x(2xMx 2 + y 2 ) 2 } = ~(Q/2n)[(y 2 - x 2 )/(x 2 + y 2 ) 2 ] 
dv/dy = -A{[(x 2 + y 2 ) -y(2y)]/(jc 2 + y 2 ) 2 } = -A[(x 2 - y 2 )/(x 2 + y 2 ) 2 ] 

Substituting, -Q/2n{y 2 - x 2 ) - A(x 2 - y 2 ) = 0; thus A = Q/2n. 

(*) « = -{Q/2ji)[x/{x 2 + y 2 )] v = —(QI2ji)[y/(x 2 + y 2 )] 

dip = —v dx + u dy = (Q/2ji)[(y dx)/(x 2 + y 2 )] - (Q/2 jt)[(x dy)/(x 2 +y 2 )] 

Integrating, ip = (Q/2nr)[tan _1 (x/y) - tan -1 (y/x)]. See Fig. 25-3. 




» -(1/2)Q 


Fig. 25-3 




BASIC HYDRODYNAMICS 0 705 


25.9 


25.10 


25.11 


25.12 


25.13 


25.14 


A flow field is described by ip = x 2 - 2y. Describe the streamlines for ip = 0,1, and 2. Derive an expression for 
the velocity at any point in the flow field and determine the vorticity of the flow. 

I From the equation for ip, the flow field is a family of parabolas symmetric about the y axis. The streamline 
ip = 0 passes through the origin, u = du/3y = -2, v = -duldx = -2x. Thus V = (u 2 + v ) = (4 + 4x ) . 
Vorticity: § = (dv/dx) - ( 3u/3y ) = -2. (Since the flow is rotational.) 


Locate the stagnation point of the incompressible flow due to a source of strength 9Jr located at (3,0) and a 
source of strength 18jt located at (—4,0). 


f It is obvious that this flow has a single stagnation point, located between the sources on the x-axis (where v 
is automatically zero), ip = (qM 2jr) + (q 2 6J2jz) = (9jt/2jt) arctan [y/(x - 3)] + (18jt/2jt) arctan [y/(x + 4)], 
u = dipldy = 4.5{(x - 3)/[(x - 3) 2 + y 2 ]} + 9{(x + 4)/[(x + 4) 2 + y 2 ]}. If y = 0, « = [4.5/(x - 3)] + [9/(x + 4)]. 
At stagnation point, u = 0 = [4.5/(jc — 3)] + [9/(x + 4)j; thus x = 


A source discharging 18 m 3 /s per m is located at the origin and a uniform flow at 2 m/s in the +-r-direction is 
superimposed on the source flow. Write the overall stream function in polar and rectangular coordinates 

f ip, = 18(0/2jt) = (18/2jr) arctan (y/x) ip 2 = 2y = 2r sin 6 

V'pca, = (90/;r) + 2r sin 0 ip rcc , = (9/it) arctan (y/x) + 2y 


Refer to Prob. 25.11. Find the difference in pressure head between point A(—9 m, 0) and point B( 0, 1.33 m). 

1.68 m/s, v = 0-,V A = 1.68 m/s. At point B (0, 1.33 m): u =2.0m/s, v -2.15 m/s, V B - V2.0 +2.15 2.9 / . 

From Bernoulli’s theorem: Pa/y~PbIy = Ys/2g - V A /2g = (2.94 2 - 1.68 2 )/[2(9.81)] = 0.297 m. 


(a) Does the flow u = x 2 + 3x - 4y, v = ~2xy - 3y satisfy continuity? (ft) Compute the vorticity. (c) Locate all 
stagnation points, (d) Find the equation of the stream function and graph it in the first quadrant. 


(a) (3u/3x) + (dv/dy) = 2x + 3- 2x-3 = 0; continuity is satisfied. 

(ft) | = (d V /3x) - (du/dy) = -2y - 4*0; fl ow is rotational. 

(c) Stagnation points occur where both u = 0 and v = 0. v - 0 - - 2xy 3y - 2y(x + 2 ); true when y 

or x = -§, « = 0 = x 2 + 3 x - 4y. If x = -1, y = -l If y = 0, x = 0 or -3. Thus there are three stagnation 

points: (0,0), (—3,0), and (—§, 


i). 


(d) 


u = dipldy ip = | u 3y = J (x 2 + 3x - 4y) 3y = x 2 y + 3xy - 2y 2 + C(x) 


v = — 2xy - 3y = -dip/dx = -2xy - 3y - C'(x) C(x) = constant = 0 

So ip = x 2 y + 3xy - 2y 2 . Notice in the graph. Fig. 25-4, the branching of ip = 0 at the origin (a stagnation 
point). 


Is the function ip = 4x - 3y the stream function of a two-dimensional potential flow? 


f Yes: 3 2 ip/3x 2 + d 2 ip/dy 2 = 0 + 0 — 0. 
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25.15 An ideal fluid flows in a two-dimensional 90° bend. The inner and outer radii of the bend are 0.5 and 1.5 ft. 
Sketch the flow net and estimate the velocity at the inner and outer walls of the bend if the velocity in the 
1.0-ft-wide straight section is 9 fps. Develop an analytic expression for the stream function, noting that 
v, = —dip/dr and v r = dip/rdO. Determine the inner and outer velocities accurately. 

# Velocity estimates: V = —d<p/ds, —A <p = V As ~ 9 As 0 , V = 9 As,,/As. From Fig. 25-5, V„ u , — 9(|) = 5.6 fps, 
V in “ 9(5/2.5) = 18 fps. 

Accurate velocity determinations: v,(Ar) = constant, A r is proportional to r. v,(kr) = constant, therefore 
v, = C/r. Also v r = 0. i p = ip(r, 0), so by chain rule of differentiation dip = ( dip/r dd)r d8 + (dip/dr) dr = 
v r rdd -v,dr = 0-v, dr. If ip m = 0, ip out = ip,„ + dq=0+ (1)(9) = 9cfs/ft. Integrating 

J r 10 f 15 r 1 5 dr 1.5 

dip = — v, dr = — C] — ip = 9 = — C[ln r]i* = — CTn — = — C In 3.0 
o Jos Jos r 0.5 

and C = -8.19. Thus the analytic expression is ip = 8.19In r; v, = —8.19 /r, (u,) r _o. 5 = 16.4fps, (v,) r . t 5 = 5.5 fps. 



V Q * 9fps 


Fig. 25-5 


25.16 A 4-ft-diameter cylindrical drum is fixed in an open channel 5 ft wide. Water flows at the rate of 60 cfs beneath 
the drum, as shown in Fig. 25-6a. Sketch the flow net, and infer values of the pressure at points A, C, D, and B. 
Sketch the pressure distribution, and by numerical integration estimate the horizontal thrust on the cylinder. 




Horizontal Components of p/y 
(projection) 



A 0.140x1.000 = 0.140 
C 0.891 x 0.866 = 0.772 
D 0.317 x 0.500 = 0-158 
B 0 


(c) 


Fig. 25-6 
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f Sketch streamlines by eye and use continuity to determine velocities. High degree of accuracy is not to be 
expected. See Fig. 25-66. At A, p/y = pjy = V 2 /2 g = 3 2 /2g = 0.140 ft. At B, in contact with atmosphere 
(p«m = 0psig): p/y = 0. At C, from flow net, V = 4 fps: 4 + 3 2 /2 g = (4 — 1.0) + ply + 4 2 /2g; p/y = 0.891 ft. At 
D, from flow net, V ~ lOfps: 4 + 3 2 /2g= (4— 1.73) + ply + 10 2 /2g; p/y = 0.317 ft. See Fig. 25-6c. Area under 
projected p/y diagram = avg horizontal component = area/2.2 = 0.36 ft = 0.16 psi, horizontal thrust ~ 
0.16(2.2)(12)(5)(12) = 253 lb. 

25.17 For the two-dimensional flow of a frictionless incompressible fluid against a flat plate normal to the initial 
velocity, the stream function is given by \p = -2 axy, while its conjugate function, the velocity potential, is 
<p = a(x 2 — y 2 ) where a is a constant and the flow is symmetrical about the yz plane. By direct differentiation 
demonstrate that these functions satisfy the equation (cftp/dx 2 ) + (d 2 <p/dy 2 ) = 0. Using a scale of 1 in = 1 unit 
of distance, plot the streamlines given by ip = ±2 a, ±4 a, ±6 a, ±8 a, and the equipotential lines given by <p = 0, 
±2a, ±4 a, ±6 a, ±8a. Observe that this flow net also gives the ideal flow around an inside square comer. 

I Given: i p = -2 axy ; <p - a(x 2 — y 2 ). Differentiating: dxp/dy = -2ax; dcp/dx = lax ; -dip/dx = 2ay; dcp/dy = 
a(—2y ); d 2 <pldx 2 = 2a; d 2 <p/dy 2 = —2a ; thus the equation indicated is satisfied. See Fig. 25-7 for required plot. 



Fig. 25-7 


25.18 (Equivalent Source Method). The flow around the body of Fig. 25-8a may be considered as that due to the sum 

of two velocity potentials, </>, = —Ux, representing an undisturbed flow of velocity U in the x direction, and 
<p 2 — -S In r, representing the radial flow from a source located inside the body behind the stagnation point. To 
relate U and S, it is observed that the total flow 2nS from the source (which is hydrodynamically equivalent to 
the body itself) must be equal to the flow of the main stream which is not passing through the body of width b, 
or 2 JtS = Ub. This gives </> 2 = —(Ubl2n) In r. The velocity at any point of the field is given by the vector sum of 
the components U and v r = -d<p 2 /dr. (a) Prove that the distance from source to stagnation point is as given in 
Fig. 25-8a. 

There follows an ingenious method of plotting the boundary of such a streamlined body, as shown in Fig. 
25-86. Suppose that the streamlines in the undisturbed flow are spaced a distance a apart, where 6/2a = n, an 
integer. Next divide the upper half of the source into n radial sectors, each of angle a, that is, na = n. Then the 
undisturbed flow between the x axis and the first streamline is associated with the source flow in the first sector 
from the stagnation point. Thus the intersection of the first streamline with the first line must be a point on the 
boundary of the body, through which there can be no flow. Similarly, the intersection of the horizontal line at 
2a with the radial line at 2oc forms another point, and so on. Further streamlines can be plotted by connecting 
successive intersections of the original horizonal lines with the radial lines, recognizing that the same flow must 
exist between any adjacent pair of streamlines. Thus the intersection of a horizontal line ea above the axis with 
a radial line at fa from the stagnation point must lie on a streamline which is (e — f)a distant from the axis in the 
undisturbed region, where e and/are integers. ( b ) Given U = 18fps and b = 34ft, determine the velocity vector 
at point E of Fig. 25-86. 

I (a) Given: source potential, <p 2 = —(Ub/ln) In r; v r = —d<p 2 /dr = Ub/lnr. Setting v r = U for stagnation 
condition (on tip of nose) and solving for r, the desired distance behind the nose, r = 6/2tt. 

(6) For 6 = 34 ft, distance to stagnation point = -34/2jt = —5.41 ft. Since 6/2a = n = 6 = 34/2a = (the 
number of radial sectors from half of source), streamline spacing = a = ft = 2.83 ft. From Fig. 25-86: At 
E, r = 3a = 3(2.83) = 8.49 ft and v, = Ub/lnr = (18)(34)/[2jt(8.49)] = 11.47 fps. By superposition, V = 
(U 2 + v 2 r )' 12 = (18 2 + U.47 2 ) 1/2 = 21.3 fps. Direction relative to axis is tan' 1 (11.47/18) = 32.5°. 
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(«) ' (*) 


Fig. 25-8 


25.19 Find the flow velocity at point F of Fig. 25-8 b. 

I At F (or = 30°), r = a/sin 30° = 2.83/0.5 = 5.66 ft. 

v r = dtpjdr = Ub/2nr = 18(34)/[2jt(5.66)] = 17.21 fps 
V 2 =U 2 + v 2 - 2 Uv r cos a = 18 2 + 17.21 2 - 2(18)17.21 cos 30° V ~ 9.14 fps 

25.20 Superimpose a point source ( Q = 95 cfs/ft) on a rectilinear flow field (U = 18 fps). Plot the body contour at 
0 = 30, 60, 90, 120, 150, 180°. Compute the velocities along the body contour at these points, as well as the 
pressures, assuming p = 1.94 slug/ft 3 and zero pressure in the undisturbed rectilinear flow field. 

f Given: U = 18 fps, v r = 95/2 nr fps. Distance from source to stagnation point: U ~v r , r- 5.28/2n = 0.840 ft. 
Refer to Prob. 25.18; for upper half let n- 6, thus 0 — 30°. q — Ua~ 95/2 n; thus a = 95/(2 nU) — 0.440 ft. See 
Fig. 25-9. Scale off radial distances to points a, b, c, d, e, and/; v x = U - v r cos 0, v y = v r sin a. Vector 
addition: V = (u 2 + u 2 ) l/2 . 


point 

r , ft 

8 

v r , fps 

v x , fps 

Vy, f^ 

V,fys 

S 

0.84 

0 

18.0 

0 

0 

0 

a 

0.85 

30° 

17.8 

2.6 

8.9 

9.3 

b 

1.00 

60° 

15.1 

10.4 

13.1 

16.7 

c 

1.28 

90° 

11.8 

18.0 

11.8 

21.5 

d 

1.94 

120° 

7.8 

21.9 

6.8 

22.9 

e 

4.20 

150° 

3.6 

21.1 

1.8 

21.2 


p Q + pVl/2 = p + pV 2 /2 1.94(1872) = 314 lb/ft 2 =p + pV 2 /2 

Therefore, p = 314 — pV 2 j 2. Hence desired pressures are 314, 230, 43, —134, —195, —122 psf. 
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Temperature, C 



Fig. A-l 


Absolute viscosity n of fluids. 


Viscosity p, lb s/ft 
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Kinematic viscosity v of fluids. 


Kinematic viscosity v. m 2 /s 
















































































































































Specific weight 7 , Ib/ft 
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Temperature, °C 



Fig. A-3 


Specific weight y of pure water as a function of temperature and pressure for condition where g = 32.2 ft/s’ 
(9.81 m/s 2 ). 


Specific weight 7 , kN/m3 
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Friction factor / 
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Fig. A-5 

Moody diagram. 

From Lewis F. Moody, “Friction Factors for Pipe Flows," ASME Trans., vol. 66, pp. 671-684. 1944. 



Nikuradse's sand-roughened-pipe tests. 


Fig. A-6 


Relative roughness 
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Reentrant: Sharp-edged: Slightly 

K = 0.78 K = 0.4-0.5 rounded: 

K = 0.2-0.25 


Exit losses: K = 1.0 for all shapes of exit (reentrant. 

sharp-edged, slightly, or well-rounded) 

Entrance and exit loss coefficients. 


R = 0 2 D 



Well-rounded: 
K = 0.05 


Fig. A-7 




Fig. A-8 


Entrance and exit loss coefficients: (a) reentrant inlets; ( b) rounded and beveled inlets. Exit losses are K = 1.0 
for all shapes of exit (reentrant, sharp, beveled, or rounded). (Adapted by permission from ASHRAE 
Handbook of Fundamentals, Atlanta, 1985.) 
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D Fig. A-9 

Sudden expansion and contraction losses. Note that the loss is based on velocity head in the small pipe. 



Flow losses in a gradual conical expansion region. 
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SUDDEN AND GRADUAL CONTRACTION 



If: 6 ^ 45 0 . /< 2 - Formula i 

45° < 8 * i8o°. . . Kj - Formula 2 


• Formula 1 




Subscript 1 defines dimensions 
and coefficients with reference to 
the smaller diameter. 

Subscript 2 refers to the larger 
diameter. 


Fig. A ll 


• Formula 2 

O. 

/v - _ 


5 '' - ^ \/* in 7 /<, 

0* ~ I? 


From “Flow of Fluids through Valves, Fittings, and Pipe," Crane Co. Tech. Pap. 410, New York, 1985. 


Secondary 
flow pattern: 



length must 
be added.) 



I 1.5 2 3 4 5 6 7 8 910 


R 

D 


Resistance coefficients for 90° bends. 


Fig. A-12 


















APPENDIXES 0 719 


100.0n3> 



0.0001 


0.001 0.01 
Unit head loss, ft/ft 


Fig. A-13 


Pipe diagram: Hazen-Williams equation (C= 120); English Gravitational System. 
































































































Discharge, m J /s 
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Unit head loss, m m 


Fig. A-14 


Pipe diagram: Hazen-Williams equation (C = 120); International System. 
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Unit head loss, ft/ft 


Fig. A-15 


Pipe diagram: Manning equation (n = 0.013); English Gravitational System. 



























































































Discharge, m J /s 
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Unit head loss, m/m 


Fig. A-16 


Pipe diagram: Manning equation (rt = 0.013); International System. 




























































































FLOW IN MGD (1 mgd = 1. 547 cfs) 
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FLOW CHART 

HAZEN-WILLIAMS FORMULA, C^IOO 


200 —q 
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50 — 
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E- 0.15 
0.20 


— 0.30 

— 0.40 

— 0.50 



— 30.0 

— 40.0 

— 50.0 

-100.0 


USE OF CHART 


(1) Given D = 24". S = 1.0 ft/1000 ft, C x = 120; find flow Q. 
Chart gives Q 100 = 4.2 mgd. 

For C 1= 120, Q = (120/100) (4. 2) = 5.0 mgd. 

(2) Given 0 = 3.6 mgd, 0 = 24". C x = 120; find Lost Head. 
Change 0 120 to <? 100 : <? 100 = (100/120) (3.6) = 3.0 mgd. 
Chart gives S = 0.55 ft/1000 ft. 


Fig. A-17 


LOST HEAD S IN FT/1000 FT 
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Ratios of hydraulic elements, . —, and — 

J P A Q R V 


Fig. A-1M 


Hydraulic elements of a circular section. 
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Channel 

Slope 

Depth 

Relations 
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Profile 
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Fig. A-19 

Types of profiles in open-channel flow. 
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Values of (D’V X ) for water at 72°F (diameter in inches x velocity in fps) 



Fig. A-20 


Flow coefficients for ISA nozzle. (Adapted from ASME Flow Measurement, 1959.) 

























































COEFFICIENT C 



FLOW NOZZLES 


LONG RADIUS - HIGH RATIO 


(Source — ASME Power Test Code 1940, Pg. 44) 


1.00 


.99 


.96 


.97 


93 
1000 


10,000 


100,000 

REYNOLDS NUMBER = V 2 D 2 /m 
Fig. A-21 


FOR FLOW COEFFICIENT K 


^2 diam. nozzle 


Z)i diam. pipe 


P = 0.500, K = 1.032C 
/3 = 0.400, K = 1.014C 
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l.oo 

0.99 
0.98 
0.97 
0.96 
0.95 

0.94 
0.93 

10 4 10 s 10 6 10 7 10 s 

Fig. A-23 



Discharge coefficient for long-radius nozzle and classical Herschel-type venturi. 
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Nonrecoverable head loss in Bernoulli obstruction meters. [H. S. Bean (ed.), 'Fluid Meiers: Their Theory and 
Application,' 6th ed., American Society of Mechanical Engineers, New York, 1971.] 
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<0.03 0,-11-^^-° 03D ' Fig. A-25 


VDI orifice meter and flow coefficients for flange taps. (Adapted from NACA Tech. Mem. 952.) 
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(P, ~P 2 )/P; 



Fig. A-26 


Expansion factors. 





































COEFFICIENT 



(Source — ASME Fluid Meters 
1937, Table 7) 


FOR FLOW COEFFICIENT K 
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.610 
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.570 


2 5 * 5 6 7 8 9 

10,000 


.560 


1,000 


100,000 lxlO 6 1 x 10 7 

REYNOLDS NUMBER = V 0 D 0 /v 
Fig. A-27 


PIPE ORIFICES 

VENA-CONTRACTA TAPS 


D 0 diam. orifice a „ „„„ „ c' c' 

= - - - = P * 0.600, K = — - = -=== 

D l diam - PiP® /l _ (AJAi)* 


= 1.071c' 


P = 0.500, K = 1.032c' 
P = 0.300. K = 1.003c' 


Note. Values of c' for orifices at end of pipe lines 
are practically identical to the values shown. 
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Q = CA 0 


j 2 

. P 



Fig. A-28 


VDI orifice and discharge coefficients. (Ref. 11 in NACA Tech. Mem. 952.) 



Discharge coefficient for a thin-plate orifice with D: l£>. 


Fig. A-29 
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Values of D 2 "V 2 for water at 72°F (diameter in inches X velocity in fps) 



10 3 2 5 1 0* 2 5 10 s 2 5 10 s 2 5 10 7 


Reynolds number at throat. 



Pi 


E.L. 



Fig. A-30 


Venturi meter with conical entrance and flow coefficients for D 2 /D, = 0.5. 
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Cone angle, a 
(a) 


Loss coefficient for conical diffusers. 



Fig. A-31 
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VENTURI METERS 


(Source — ASME Power Test Code) 


Flow Coefficient K = 1.032c 


7 


10 


REYNOLDS NUMBER 
Fig. A-32 
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Sudden-contraction loss coefficient. (Adapted from R. P. Benedict, N. A. Carlucci, and S. D. Swetz, “Flow 
Losses in Abrupt Enlargements and Contractions,” 7. Eng. Power, vol. 48, January 1966.) 
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Fig. A-34 


Compressibility factor Y for flow nozzles and Venturi meters, k = 1.4. 
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10* 1.5 2 3 4 5 6 8 10 5 1.5 2 3 4 5 6 

Reynolds number ^ l ^ P - 

Coefficient C„ for venturi meters (Fluid Meters : Their Theory and Application, 5th 
Mechanical Engineers, 1959.) 


8 10 6 

Fig. A-35 

ed., American Society of 



Fig. A-36 


Discharge coefficient for a venturi nozzle. 
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Coefficients for triangular weirs. 


Fig. A-37 



Cylinder 

length effect 

(10 *<N r 
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(b) F 'g- A-38 

The proof of practical dimensional analysis: drag coefficients of a cylinder and sphere: (a) drag coefficient of a 
smooth cylinder and sphere (data from many sources); ( b) increased roughness causes earlier transition to a 
turbulent boundary layer. 
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Crossplot of sphere-drag data from Fig. A-38a to isolate diameter and velocity. 
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Optimum efficiency of water pumps as a function of specific speed. 


Fig. A-41 



100 300 1000 3000 10.000 30.000 


■V. 


Optimum efficiency of pumps versus capacity and specific speed. (G. F. Wislicenus, Fluid Mechanics of 
Turbomachinery, 2d ed., McGraw-Hill, New York, 1965; I. J. Karassick et at.. Pump Handbook, 2d ed., 
McGraw-Hill, New York, 1985.) 
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Specific speed, n s (metric) at rated capacity 



Fig. A-42 


Recommended limits of specific speed for turbines under various effective heads at sea level with water 
temperature at 80 °F. (After Moody.) 



Characteristics of turbines as a function of specific speed. 
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Fig. A-44 


Optimum values of turbine efficiency. 



Efficiency of an impulse turbine: solid curve = ideal, p = 180°, C„ = 1.0; dashed curve = actual, p = 160°, 
C„ = 0.94; open circles = data, Pelton wheel, diameter = 2 ft. 
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Fig. A-46 


Optimum efficiency of turbine designs. 
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"*=20 



(r) 




10.0 

1 

9.0 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 


(</) 


Fig. A-47 


Reaction turbines: (a) Francis (radial type); ( b) Francis (mixed-flow); (c) propeller (axial-flow); 
( d ) performance curves for a Francis turbine, n = 600 r/min, D = 2.25 ft, N, p = 29. 



Efficiency versus power level for various turbine designs at constant speed and head. 
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Ideal 

Betz 

number 


Fig. A-49 


Estimated performance of various wind turbine designs as a function of blade-tip speed ratio. (Reprinted from 
The Aeronautical Journal, Vol. 85, No. 845, June 1981, by kind permission of The Royal Aeronautical Society.) 



Reynolds number F'ig. A-50 

Drag coefficients for sphere and circular disk. Area in the drag relation is projected area normal to the stream. 
(Data adapted from “Das Widerstandsproblem,” by F. Eisner, Proc. 3d Intern. Congr. Appl. Mech., 

Stockholm, 1931.) Raymond C. Binder, Fluid Mechanics. 5e, © 1973, p. 132. Reprinted by permission of 
Prentice-Hall, Inc., Englewood Cliffs, N.J. 
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Reynolds number Fig. A-5I 

Drag coefficient for two-dimensional flow around a cylinder and a flat plate. Area in the drag relation is 
projected area normal to the stream. (Data adapted from “Das Widerstandsproblem,” by F. Eisner, Proc. 3d 
Intern. Congr. Appl. Mech., Stockholm, 1931.) Raymond C. Binder, Fluid Mechanics, 5e, © 1973, p. 134. 
Reprinted by permission of Prentice-Hall, Inc. Englewood Cliffs, N.J. 1973. 



0 2 4 6 8 10 12 14 16 18 20 

x/y Fig. A-52 


Drag coefficients for a flat plate of finite length normal to flow. Raymond C. Binder, Fluid Mechanics, 5e, © 
1973, p. 135. Reprinted by permission of Prentice-Hall, Inc., Englewood Cliffs, N.J. 



Skin-friction drag for smooth flat plates. T. v. Kdrmln, “Turbulence and Skin Friction,”/. Aeronaut. Sci., 1, 
no. 1 (January, 1934), © American Institute of Aeronautics and Astronautics, reprinted with permission. 
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( 6 ) 




O ■"a O 
o j C » 

-3 O .3 


Point of separation 


0.45 


Fig. A-54 


Plan view of flow about a motor vehicle (delivery van), (a) Blunt nose with separated flow along the entire side 
wall and a large drag coefficient C D = 0.75. (b) Round nose with separation at the rear of the vehicle and 
smaller drag coefficient C D = 0.45. (Adapted from H. Schlicting, Boundary Layer Theory, 4th ed., 
McGraw-Hill Book Co., New York, N.Y., 1960, p. 34). 



Drag coefficients for a smooth flat plate. (Adapted from NACA Tech. Mem. 1218, p. 117, 1949.) 
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Drag coefficient for bodies of revolution. (Adapted from L. Prandtl, Ergebnisse der aerodynamischen 
Versuchsanstalt zu Gottingen, R. Oldenbourg, Munich and Berlin, 1923, p. 29; and F. Eisner, "Das 
Widerstandsproblem,” Proc. 3d Intern. Congr. Appl. Mech., 1930, p. 32.) 
































































































































APPENDIXES 0 749 



Fig. A-57 

Drag coefficient for two-dimensional bodies. (Adapted from L. Prandtl, Ergebnisse der aerodynamischen 
Versuchsanstalt zu Gottingen, R. Oldenbourg, Munich and Berlin, 1923, p. 24; F. Eisner, “Das 
Widerstandsproblem,” Proc. 3d Intern. Congr. Appl. Mech., p. 32, 1930; A. F. Zahm, R. H. Smith, and G. C. 
Hill, “Point Drag and Total Drag of Navy Struts No. 1 Modified,” NACA Rept. 137, p. 14, 1972; and W . F. 
Lindsey, “Drag of Cylinders of Simple Shapes,” NACA Rept. 619, pp. 4-5, 1938.) 
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Fig. A-58 


Drag coefficients as a function of Mach number. 
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Fig. A-59 


Drag coefficient of laminar and turbulent boundary layer on smooth and rough flat plates. 
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( b ) Fig. A-6<) 


The proof of practical dimensional analysis: drag coefficients of a cylinder and sphere: (a) drag coefficient of a 
smooth cylinder and sphere (data from many sources); (ft) increased roughness causes earlier transition to a 
turbulent boundary layer. 
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Fig. A-61 

Drag coefficients of smooth bodies at low Mach numbers: (a) two-dimensional bodies; (b) three-dimensional 
bodies. Note the Reynolds-number independence of blunt bodies at high N„. 
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COEFFICIENT OF DRAG C, 
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Drag coefficients at supersonic velocities. 


MACH NUMBER 
Fig. A-63 
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Fig. A-64 


Three zones of flow for a rough plate. 
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Time history of the aerodynamic drag of cars in comparison with streamlined bodies. (From W. H. Hucho, L. J. 
Janssen, and H. J. Emmelmann, The Optimisation of Body Details—A Method For Reducing the Aerodynamic 
Drag of Road Vehicles, SAE 760185, 1976.) 



Fig. A-66 


Lift and drag coefficients plotted against angle of attack for N.A.C. A. 2418 airfoil. Reynolds number - 
3 060 000. ( NACA. Tech. Rept. No. 669.) 
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Fig. A-67 


Polar diagram for rectangular Clark Y airfoil of 6-ft chord by 36-ft span. (Data from A. Silverstein, NACA 
Rept. 502, p. 15. 1934.) 
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Fig. A-68 


Correction factors for transforming rectangular airfoils from finite to infinite aspect ratio. (From A. Silverstein, 
NACA Rept. 502, Fig. 7, 1934.) 
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Fig. A-69 


Definition sketch for induced drag. 
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Fig. A-70 


Typical lift and drag coefficients for an airfoil; C L and C 0 based on maximum projected wing area. 
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Coefficients of lift and drag for a flat plate at varying inclination a. 


Fig. A-71 
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TABLE A-l Approximate physical properties of water (English Gravitational Unit System) 


Tempera¬ 

ture 

(°F) 

Specific (or 
unit) weight, y 
(lb/ft 3 ) 

Mass 
density, p 

(shigsft 3 ) 

Dynamic 
viscosity, p 
(lb-s/ft J ) 

Kinematic 
viscosity, v 

(ft 2 /*) 

Vapor 
pressure, p v 

(lb/ft 2 ) 

Surface 
tension,! a 

(Ib/ft) 

Bulk modulus 
of elasticity, K 
(lb in 2 ) 

32 

62.4 

1.94 

3.66 x 10- 5 

1.89 x 10" 5 

12.8 

0.00518 

293,000 

40 

62.4 

1.94 

3.23 x 10- 5 

1.67 x 10' 5 

18.5 

0.00514 

294,000 

50 

62.4 

1.94 

2.72 x 10" 5 

1.40 x lO* 5 

25.7 

0.00509 

305,000 

60 

62.4 

1.94 

2.35 x 10- 5 

1.21 x 10' 5 

36.5 

0.00504 

311,000 

70 

62.3 

1.93 

2.04 x 10‘ 5 

1.05 x lO* 5 

52.2 

0.00500 

320,000 

80 

62.2 

1.93 

1.77 x 10- 5 

9.15 x 10"* 

73.5 

0.00492 

322,000 

90 

62.1 

1.93 

1.60 x lO -5 

8.29 x lO' 6 

101 

0.00486 

323.000 

100 

62.0 

1.93 

1.42 x lO' 5 

7.37 x 10‘* 

135 

0.00480 

327,000 

110 

61.9 

1.92 

1.26 x 10- 5 

6.55 x lO* 4 

189 

0.00473 

331,000 

120 

61.7 

1.92 

1.14 x lO" 5 

5.94 x lO"• 

251 

0.00465 

333,000 

130 

61.5 

1.91 

1.05 x 10' 5 

5.49 x 10~* 

322 

0.00460 

334,000 

140 

61.4 

1.91 

9.60 x 10-‘ 

5.03 x lO* 6 

416 

0.00454 

330,000 

150 

61.2 

1.90 

8.90 x 10-« 

4.68 x lO' 6 

545 

0.00447 

328,000 

160 

61.0 

1.90 

8.30 x 10'* 

4.38 x 10‘* 

693 

0.00441 

326,000 

170 

60.8 

1.89 

7.70 x 10** 

4.07 x lO' 4 

875 

0.00433 

322,000 

180 

60.6 

1.88 

7.23 x 10'* 

3.84 x 10‘* 

1086 

0.00426 

318,000 

190 

60.4 

1.88 

6.80 x 10- 6 

3.62 x lO’* 

1358 

0.00419 

313,000 

200 

60.1 

1.87 

6.25 x 10- 6 

3.35 x 10'* 

1671 

0.00412 

308,000 

210 

59.9 

1.86 

5.95 x 10'* 

3.20 x 10'* 

2042 

0.00405 

301,000 

212 

59.8 

1.86 

5.89 x 10-‘ 

3.17 x lO'* 

2116 

0.00404 

300,000 

t In contact with air. 


TABLE A-2 Approximate physical properties of water (International System of Units) 

Tempera¬ 

ture 

(°C) 

Specific (or 
unit) weight, y 
(kN/m 3 ) 

Mass 
density, p 
(kg/m 3 ) 

Dynamic 
Viscosity, p 
(Pas) 

Kinematic 
Viscosity, v 
(m 2 /s) 

Vapor 

Pressure 

(kPa) 

Surface 
Tension,! » 
(N/m) 

Bulk modulus 
of elasticity, K 
(GP.) 

0 

9.81 

1000 

1.75 x 10' 2 

1.75 x lO - * 

0.611 

0.0756 

2.02 

10 

9.81 

1000 

1.30 x lO' 2 

1.30 x lO’* 

1.23 

0.0742 

2.10 

20 

9.79 

998 

1.02 x 10- J 

1.02 x 10'* 

2.34 

0.0728 

2.18 

30 

9.77 

996 

8.00 x 10'* 

8.03 x 10- 7 

4.24 

0.0712 

2.25 

40 

9.73 

992 

6.51 x 10-* 

6.56 x 10' 7 

7.38 

0.0696 

2.28 

50 

9.69 

988 

5.41 x lO' 4 

5.48 x 10- 7 

12.3 

0.0679 

2.29 

60 

9.65 

984 

4.60 x lO' 4 

4.67 x lO’ 7 

19.9 

0.0662 

2.28 

70 

9.59 

978 

4.02 x 10* 4 

4.11 x lO -7 

31.2 

0.0644 

2.25 

80 

9.53 

971 

3.50 x lO' 4 

3.60 x lO -7 

47.4 

0.0626 

2.20 

90 

9.47 

965 

3.11 x 10 -4 

3.22 x lO" 7 

70.1 

0.0608 

2.14 

100 

9.40 

958 

2.82 x 10-* 

2.94 x lO' 7 

101.3 

0.0589 

2.07 


t In contact with air. 









TABLE A-3 Approximate physical properties of some common liquids at 1 atmosphere pressure and 20 °C (68 °F) 


Liquid 

Specific (or unit) 
weight, y 

Mass density, p 

Specific 

gravity 

Dynamic viscosity, p 

Vapor pressure 

Surface tension,t a 

(lb/ft 3 ) 

(IcN/m 3 ) 

(slugs/ft 3 ) 

(kg/m 3 ) 

(lb-s/ft 2 ) 

(Pa-s) 

(lb/ft 2 ) 

(kPa) 

(lb/ft) 

(N/m) 

Ammonia 

51.7 

8.13 

1.61 

829 

0.83 

4.60 x 10~‘ 

2.20 x lO' 4 

19,000 

910 

0.00146 

0.0213 

Benzene 

54.8 

8.62 

1.70 

879 

0.88 

1.36 x 10* 5 

6.51 x 10‘ 4 

210 

10.1 

0.00198 

0.0289 

Carbon 












tetrachloride 

99.1 

15.57 

3.08 

1,588 

1.59 

2.02 x 10- 5 

9.67 x 10- 4 

250 

12.0 

0.00185 

0.0270 

Ethanol 

49.2 

7.73 

1.53 

788 

0.79 

2.51 x 10-* 

1.20 x lO' 3 

120 

5.75 

0.00156 

0.0228 

Gasoline 

44.9 

7.05 

1.40 

719 

0.72 

6.10 x 10-* 

2.92 x lO -4 

1,150 

55.1 



Glycerin 

78.5 

12.34 

2.44 

1,258 

1.26 

3.11 x 10‘ 2 

1.49 

0.0003 

0.000014 

0.00434 

0.0633 

Kerosine 

51.1 

8.03 

1.59 

819 

0.82 

4.00 x 10' 5 

1.92 x lO" 3 

65 

3.11 

0.00190 

0.0277 

Mercury 

847.3 

133.1 

26.34 

13,570 

13.6 

3.25 x 10' s 

1.56 x 10' 3 

0.000023 

0.0000011 

0.0352 

0.514 

Methanol 

49.2 

7.73 

1.53 

788 

0.79 

1.25 x 10- 5 

5.98 x 10"* 

280 

13.4 

0.00155 

0.0226 

SAE 10 Oil 

54.2 

8.52 

1.68 

869 

0.87 

1.70 x 10" 3 

8.14 x lO" 2 



0.00250 

0.0365 

SAE 30 Oil 

55.4 

8.71 

1.72 

888 

0.89 

9.20 x 10" 3 

4.40 x 10' 1 



0.00240 

0.0350 

Water 

62.3 

9.79 

1.94 

998 

1.00 

209 x 10* s 

1.02 x 10* 3 

48 

2.34 

0.00500 

0.0728 

Seawater 

64.2 

10.08 

2.00 

1,028 

1.03 

2.23 x 10-’ 

1.07 x lO* 3 

48 

2.34 

0.00500 

0.0728 


t In contact with air. 
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TABLE A-4 Approximate physical properties of air at standard atmospheric pressure (English 
Gravitational Unit System) 


Temperature 

(°F) 

Specific (or unit) weight, y 
db/ft 3 ) 

Mass density, p 

(slugs/ft 3 ) 

Dynamic viscosity, p 
(lb-s/f« 3 ) 

Kinematic viscosity, v 

(ft*/*) 

32 

0.0808 

0.00251 

3.59 x 10' 7 

1.43 x 10' 4 

40 

0.0794 

0.00247 

3.62 x 10' 7 

1.46 x 10' 4 

50 

0.0779 

0.00242 

3.68 x 10' 7 

1.52 x 10' 4 

60 

0.0763 

0.00237 

3.74 x 10' 7 

1.58 x 10"* 

70 

0.0750 

0.00233 

3.82 x 10' 7 

1.64 x 10' 4 

80 

0.0735 

0.00228 

3.85 x 10' 7 

1.69 x 10"* 

90 

0.0723 

0.00224 

3.90 x 10' 7 

1.74 x 10~ 4 

100 

0.0709 

0.00220 

3.96 x 10' 7 

1.80 x 10' 4 

110 

0.0696 

0.00218 

4.02 x 10' 7 

1.84 x 10' 4 

120 

0.0684 

0.00215 

4.07 x 10' 7 

1.89 x 10' 4 

130 

0.0674 

0.00210 

4.10 x 10‘ 7 

1.95 x 10' 4 

140 

0.0663 

0.00206 

4.14 x 10' 7 

2.01 x 10" 4 

150 

0.0652 

0.00202 

4.18 x 10' 7 

2.06 x 10' 4 

160 

0.0641 

0.00199 

4.22 x 10' 7 

2.12 x 10’ 4 

170 

0.0631 

0.00196 

4.28 x 10' 7 

2.18 x 10' 4 

180 

0.0621 

0.00193 

4.34 x 10' 7 

2.25 x 10' 4 

190 

0.0612 

0.00190 

4.42 x 10' 7 

132 x 10"* 

200 

0.0602 

0.00187 

4.49 x 10' 7 

2.40 x 10" 4 

210 

0.0594 

0.00184 

4.57 x 10' 7 

2.48 x 10"* 

212 

0.0592 

0.00184 

4.58 x 10* 7 

2.50 x 10"* 


TABLE A-5 Approximate physical properties of air at standard 
atmospheric pressure (International System of Units) 


Tempera¬ 

ture 

(°C) 

Specific (or 
unit) weight, y 
(N/m 3 ) 

Mass 
density, p 
(kg/m 3 ) 

Dynamic 
viscosity, p 
(Pa-s) 

Kinematic 
viscosity, v 
(m 3 /s) 

0 

117 

1.29 

1.72 x 10' 5 

1.33 x 10' 3 

10 

12.2 

1.25 

1.77 x 10' 5 

1.42 x 10' 3 

20 

11.8 

1.20 

1.81 x 10' 5 

1.51 x 10' 3 

30 

11.4 

1.16 

1.86 x 10' 3 

1.60 x 10' 3 

40 

11.0 

1.13 

1.91 x 10' 3 

1.69 x 10' 3 

50 

10.7 

1.09 

1.95 x 10' 3 

1.79 x 10' 3 

60 

10.4 

1.06 

1.99 x 10' 3 

1.89 x 10' 3 

70 

10.1 

1.03 

2.04 x 10' 3 

1.99 x 10' 3 

80 

9.80 

1.00 

2.09 x 10' 3 

2.09 x 10' 3 

90 

9.53 

0.972 

2.13 x 10' 5 

119 x 10' 3 

100 

9.28 

0.946 

2.17 x 10' 3 

2.30 x 10' 3 
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TABLE A-6 Approximate physical properties of some common gases at 1 atmosphere pressure and 30 °C (68 °F) 



Specific (or 
unit) weight, y 

Mass density, p 

Dynamic viscosity (p) 


Gas constant (R) 


Gas 

(Ib/ft 3 ) 

(N/* 3 ) 

(slugs/ft 3 ) 

(hg/m J ) 

(Ib-s/ft 2 ) 

(kPa-s) 

(fl/”R) (m/k) 

(Ib-fl/slug- R) (J/kg -K) 

Air 

0.0752 

11.8 

0.00234 

1.20 

3.78 x 10' 7 

1.81 x 10 - * 

53.3 

29.3 

1 716 

287 

Carbon 

dioxide 

0.115 

18.1 

0.00357 

1.84 

3.10 x 10~ 7 

1.48 x 10 -8 

35.1 

19.3 

1 130 

189 

Helium 

0.0104 

1.63 

0.000323 

0.166 

4.11 x 10~ 7 

1.97 x 10~ 8 

385.7 

212.0 

12 420 

2079 

Hydrogen 

0.00522 

0.823 

0.000162 

0.0839 

1.89 x 10~ 7 

9.05 x 10 9 

765.5 

420.8 

24 649 

4127 

Methane 

0.0416 

6.53 

0.00129 

0.666 

2.80 x 10' 7 

1.34 x 10 8 

96.2 

52.9 

3 098 

519 

Nitrogen 

0.0726 

11.4 

0.00225 

1.16 

3.68 x 10~ 7 

1.76 x 10' 8 

55.1 

30.3 

1 774 

297 

Oxygen 

0.0830 

13.0 

0.00258 

1.33 

4.18 x 10~ 7 

2.00 x 10 -8 

48.2 

26.5 

1552 

260 



Specific heat ratio (k) 

Specific heat (c p ) 

Specific heat (c„) 

Molecular weight (A/) 

Gas 

Dimensionless ratio c p /c v 

lb-ft/slug-°R 

J/k8 K 

Ib-ft slug-°K 

J/kfK 


Air 

1.40 

6000 

1003 

4 285 

716 

29.00 

Carbon 

1.30 

5 132 

858 

4 009 

670 

44.00 

dioxide 

Helium 

1.66 

31 230 

5 220 

18810 

3 143 

4.00 

Hydrogen 

1.41 

86 390 

14450 

61710 

10 330 

2.02 

Methane 

1.32 

13 400 

2250 

10 300 

1 730 

16.00 

Nitrogen 

1.40 

6210 

1 040 

4437 

743 

28.00 

Oxygen 

1.40 

5 437 

909 

3 883 

649 

32.00 


TABLE A-7 The ICAO standard atmosphere in English units 


Elevation 



Specific 



above 


Absolute 

weight 

Density 

Viscosity 

sea level. 

Temp, 

pressure. 

y. 

P. 

p x 10 7 , 

ft 

°F 

psia 

Ib/ft 3 

slugs/ft 3 

lb s/ft 2 

0 

59.0 

14.70 

0.07648 

0.002377 

3.737 

5,000 

41.2 

12.24 

0.06587 

0.002048 

3.637 

10,000 

23.4 

10.11 

0.05643 

0.001756 

3.534 

15,000 

5.6 

8.30 

0.04807 

0.001496 

3.430 

20,000 

-12.3 

6.76 

0.04070 

0.001267 

3.325 

25,000 

-30.1 

5.46 

0.03422 

0.001066 

3.217 

30,000 

-47.8 

4.37 

0.02858 

0.000891 

3.107 

35,000 

-65.6 

3.47 

0.02367 

0.000738 

2.995 

40.000 

-69.7 

2.73 

0.01882 

0.000587 

2.969 

45,000 

-69.7 

2.15 

0.01481 

0.000462 

2.969 

50,000 

-69.7 

1.69 

0.01165 

0.000364 

2.969 

60.000 

-69.7 

1.05 

0.00722 

0.000226 

2.969 

70,000 

-69.7 

0.65 

0.00447 

0.000140 

2.969 

80,000 

-69.7 

0.40 

0.00277 

0.000087 

2.969 

90,000 

-57.2 

0.25 

0.00168 

0.000053 

3.048 

100,000 

-40.9 

0.16 

0.00102 

0.000032 

3.150 
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TABLE A-8 The ICAO standard atmosphere in SI units 


Elevation 
above 
sea level, 
km 

Temp. 

°C 

Absolute 
pressure, 
kPa, abs 

Specific 

weight 

7 . 

N/m 3 

Density 

A 

kg/m 3 

Viscosity 
H x 10 5 , 
Pa • s 

0 

15.0 

101.33 

12.01 

1.225 

1.79 

2 

2.0 

79.50 

9.86 

1.007 

1.73 

4 

-4.5 

60.12 

8.02 

0.909 

1.66 

6 

-24.0 

47.22 

6.46 

0.660 

1.60 

8 

-36.9 

35.65 

5.14 

0.526 

1.53 

10 

-49.9 

26.50 

4.04 

0.414 

1.46 

12 

— 56.5 

19.40 

3.05 

0.312 

1.42 

14 

-56.5 

14.20 

2.22 

0.228 

1.42 

16 

-56.5 

10.35 

1.62 

0.166 

1.42 

18 

-56.5 

7.57 

1.19 

0.122 

1.42 

20 

-56.5 

5.53 

0.87 

0.089 

1.42 

25 

— 51.6 

2.64 

0.41 

0.042 

1.45 

30 

-40.2 

1.20 

0.18 

0.018 

1.51 


TABLE A-9 Typical wall roughness values for commercial 
conduits 


Roughness (e) 


Material (new) ft m 


0.003 0.03 
0 . 001 - 0.01 
0.0006 0.003 


0.0009 0.009 
0.0003-0.003 
0.0002-0.0009 


Riveted steel 

Concrete 

Wood stave 

Cast iron 

Galvanized iron 

Asphalted cast iron 

Commercial steel or wrought iron 

Drawn brass or copper tubing 

Glass and plastic 


0.00085 

0.00026 

0.0005 

0.00015 

0.0004 

0.0001 

0.00015 

0.000046 

0.000005 

0.0000015 

“smooth” 

“smooth” 


From: Lewis F. Moody, “Friction Factors for Pipe Flow,” ASME 
Trans., vol. 66, pp. 671-684, 1944. 
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TABLE A-10 Laminar friction constants 
/JV„ for rectangular and triangular ducts 


Rectangular Isosceles triangle 



bla 


6, deg 

fN RDh 

0.0 

96.00 

0 

48.0 

0.05 

89.91 

10 

51.6 

0.1 

84.68 

20 

52.9 

0.125 

82.34 

30 

53.3 

0.167 

78.81 

40 

52.9 

0.25 

72.93 

50 

52.0 

0.4 

65.47 

60 

51.1 

0.5 

62.19 

70 

49.5 

0.75 

57.89 

80 

48.3 

1.0 

56.91 

90 

48.0 


TABLE A-ll Resistance coefficients K = —for open valves, elbows, and trees 


Screwed Flanged 

Nominal - - 

diameter, in 5 1 2 4 1 , 2 4 8 20 


Valves (fully open): 
Globe 
Gate 

Swing check 
Angle 

Elbows: 

45° regular 
45° long radius 
90° regular 
90° long radius 
180° regular 
180° long radius 

Tees: 

Line flow 
Branch flow 


14 

8.2 

6.9 

0.30 

0.24 

0.16 

5.1 

2.9 

2.1 

9.0 

4.7 

2.0 

0.39 

0.32 

0.30 

2.0 

1.5 

0.95 

1.0 

0.72 

0.41 

2.0 

1.5 

0.95 


0.90 

0.90 

0.90 

2.4 

1.8 

1.4 


5.7 

13 

8.5 

0.11 

0.80 

0.35 

2.0 

2.0 

2.0 

1.0 

4.5 

2.4 

0.29 


0.21 

0.20 

0.64 

0.50 

0.39 

0.23 

0.40 

0.30 

0.64 

0.41 

0.35 


0.40 

0.30 

0.90 

0.24 

0.19 

1.1 

1.0 

0.80 


6.0 

5.8 

5.5 

0.16 

0.07 

0.03 

2.0 

2.0 

2.0 

2.0 

2.0 

2.0 


0.19 

0.16 

0.14 

0.30 

0.26 

0.21 

0.19 

0.15 

0.10 

0.30 

0.25 

0.20 

0.21 

0.15 

0.10 

0.14 

0.10 

0.07 

0.64 

0.58 

0.41 







TABLE A-12 Increased losses of partially 
open valves 


Condition 

Ratio K/K( open condition) 

Gate value 

Globe value 

Open 

1.0 

1.0 

Closed, 25% 

3.0-5.0 

1.5-2.0 

50% 

12-22 

2.0-3.0 

75% 

70-120 

6.0-8.0 


TABLE A-13 Values of n in Manning’s 
formula 

Prepared by R. E. Horton and others 



n 


Nature of surface 

Min 

Max 

Neat cement surface 

0.010 

0.013 

Wood-stave pipe 

0.010 

0.013 

Plank flumes, planed 

0.010 

0.014 

Vitrified sewer pipe 

0.010 

0.017 

Metal flumes, smooth 

0.011 

0.015 

Concrete, precast 

0.011 

0.013 

Cement mortar surfaces 

0.011 

0.015 

Plank flumes, unplaned 

0.011 

0.015 

Common-clay drainage tile 

0.011 

0.017 

Concrete, monolithic « 

0.012 

0.016 

Brick with cement mortar 

0.012 

0.017 

Cast iron—new 

0.013 

0.017 

Cement rubble surfaces 

0.017 

0.030 

Riveted steel 

0.017 

0.020 

Corrugated metal pipe 

0.021 

0.025 

Canals and ditches, smooth earth 

0.017 

0.025 

Metal flumes, corrugated 

Canals: 

0.022 

0.030 

Dredged in earth, smooth 

0.025 

0.033 

In rock cuts smooth 

0.025 

0.035 

Rough beds and weeds on sides 

0.025 

0.040 

Rock cuts, jagged and irregular 
Natural streams: 

0.035 

0.045 

Smoothest 

0.025 

0.033 

Roughest 

0.045 

0.060 

Very weedy 

0.075 

0.150 


TABLE A-14 Typical values of the 
Hazen-Williams Coefficient, C 


Extremely smooth and straight pipes 140 
New steel or cast iron 130 

Wood; concrete 120 

New riveted steel; vitrified 110 

Old cast iron 100 

Very old and corroded cast iron 80 
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TABLE A-15 Values of C from the Kutter formula 


Slope 


Hydraulic Radius R in Feet 

s 


0.2 

0.3 

0.4 

0.6 

0.8 

1.0 

1.5 

2.0 

2.5 

3.0 

4.0 

6.0 

8.0 

10.0 

15.0 

.00005 


87 

98 

109 

123 

133 

140 

154 

164 

172 

177 

187 

199 

207 

213 

220 



68 

78 

88 

98 

107 

113 

126 

135 

142 

148 

157 

168 

176 

182 

189 



52 

58 

66 

76 

83 

89 

99 

107 

113 

118 

126 

138 

145 

150 

159 


vrts 

43 

50 

57 

65 

72 

77 

86 

93 

98 

103 

112 

122 

129 

134 

142 



35 

41 

45 

53 

59 

64 

72 

80 

84 

88 

95 

105 

111 

116 

125 



26 

30 

35 

41 

45 

49 

57 

62 

66 

70 

78 

85 

92 

96 

104 


1 

22 

25 

28 

33 

37 

40 

47 

51 

55 

58 

65 

74 

78 

84 

90 

.0001 

■ 

98 

108 

118 

131 

140 

147 

158 

167 

173 

178 

186 

196 

202 

206 

212 


m 1 s 

76 

86 

95 

105 

113 

119 

130 

138 

144 

148 

155 

165 

170 

174 

180 



57 

64 

72 

81 

88 

92 

103 

109 

114 

118 

125 

134 

140 

143 

150 



48 

55 

62 

70 

75 

80 

88 

95 

99 

104 

111 

118 

125 

128 

135 


■ 

38 

45 

50 

57 

63 

67 

75 

81 

85 

88 

95 

102 

107 

111 

118 


■■ 

28 

34 

38 

43 

48 

51 

59 

64 

67 

70 

77 

84 

89 

93 

98 



23 

27 

30 

35 

39 

42 

48 

52 

55 

59 

64 

72 

75 

80 

85 

.0002 


105 

115 

125 

137 

145 

150 

162 

169 

174 

178 

185 

193 

198 

202 

206 



83 

92 

100 

110 

117 

123 

133 

139 

144 

148 

154 

162 

167 

170 

175 



61 

69 

76 

84 

91 

96 

105 

110 

114 

118 

124 

132 

137 

140 

145 



52 

59 

65 

73 

78 

83 

90 

97 

100 

104 

110 

117 

122 

125 

130 



42 

48 

53 

60 

65 

68 

76 

82 

85 

88 

94 

100 

105 

108 

113 



30 

35 

40 

45 

50 

54 

60 

65 

68 

70 

76 

83 

86 

90 

95 



25 

28 

32 

37 

40 

43 

49 

53 

56 

59 

63 

69 

74 

77 

82 

.0004 


110 

121 

128 

140 

148 

153 

164 

171 

174 

178 

184 

192 

197 

193 

203 


1 

87 

95 

103 

113 

120 

125 

134 

141 

145 

149 

153 

161 

165 

168 

172 



64 

73 

78 

87 

93 

98 

106 

112 

115 

118 

123 

130 

134 

137 

142 



54 

62 

68 

75 

80 

84 

92 

98 

101 

104 

110 

116 

120 

123 

128 



43 

50 

55 

61 

67 

70 

77 

83 

86 

88 

94 

99 

104 

106 

110 



32 

37 

Jt2 

47 

51 

55 

60 

65 

68 

70 

75 

82 

85 

88 

92 



26 

30 

33 

38 

41 

44 

50 

54 

57 

59 

63 

68 

73 

75 

80 

.001 


113 

124 

132 

143 

150 

155 

165 

172 

175 

178 

184 

190 

195 

197 

201 


1 

88 

97 

105 

115 

121 

127 

135 

142 

145 

149 

154 

160 

164 

167 

171 


■IIS 

66 

75 

80 

88 

94 

98 

107 

112 

116 

119 

123 

130 

133 

135 

141 


■ 

55 

63 

68 

76 

81 

85 

92 

98 

102 

105 

110 

115 

119 

122 

127 



45 

51 

56 

62 

68 

71 

78 

84 

87 

89 

93 

98 

103 

105 

109 



33 

38 

43 

48 

52 

55 

61 

65 

68 

70 

75 

81 

84 

87 

91 



27 

30 

34 

38 

42 

45 

50 

54 

57 

59 

63 

68 

72 

74 

78 

.01 

.010 

114 

125 

133 

143 

151 

156 

165 

172 

175 

178 

184 

190 

194 

196 

200 


.012 

89 

99 

106 

116 

122 

128 

136 

142 

145 

149 

154 

159 

163 

166 

170 


.015 

67 

76 

81 

89 

95 

99 

107 

113 

116 

119 

123 

129 

133 

135 

140 


.017 

56 

64 

69 

77 

82 

86 

93 

99 

103 

105 

109 

115 

118 

121 

126 



46 

52 

57 

63 

68 

72 

78 

84 

87 

89 

93 

98 

102 

105 

108 



34 

39 

44 

49 

52 

56 

62 

65 

68 

70 

75 

80 

83 

86 

90 



27 

31 

35 

39 

43 

45 

51 

55 

58 

59 

63 

67 

71 

73 

77 
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TABLE A-16 One-dimensional isentropic relations! 


N * 

A / A * 

p/po 

p/po 

T/To 

n m 

At A * 

p/po 

p/po 

777 o 

0.00 


1.000 

1.000 

1.000 

1.10 

1.01 


sea 

0.805 

0.01 

57.87 

0.9999 

0.9999 

0.9999 

1.12 

1.01 


BS9 

0.799 

0.02 

28.94 

0.9997 

0.9999 

0.9999 

1.14 



mm 

0.794 

0.04 

14.48 

0.999 

0.999 


1.16 



mm 

0.788 

0.06 

9.67 

0.997 

0.998 

0.999 

1.18 

1.02 

0.423 

0.541 

0.782 

0.08 

7.26 

0.996 

0.997 

0.999 

1.20 

1.03 

0.412 

0.531 

0.776 

0.10 

5.82 

0.993 

0.995 

0.998 

1.22 

1.04 

0.402 

0.521 

0.771 

0.12 

4.86 

0.990 

0.993 

0.997 

1.24 

1.04 

0.391 

0.512 

0.765 

0.14 

4.18 

0.986 

0.990 

0.996 

1.26 

1.05 

0.381 

0.502 

0.759 

0.16 

3.67 

0.982 

0.987 

0.995 

1.28 

1.06 

0.371 

0.492 

0.753 

0.18 

3.28 

0.978 

0.984 

0.994 

1.30 

1.07 

0.361 

0.483 

0.747 

0.20 

2 .% 

0.973 

0.980 

0.992 

1.32 

1.08 

0.351 

0.474 

0.742 

0.22 

2.71 

0.967 

0.976 


1.34 

1.08 

0.342 

0.464 

0.736 

0.24 

2.50 

0.961 

0.972 

0.989 

1.36 

1.09 

0.332 

0.455 

0.730 

0.26 

2.32 

0.954 

0.967 

0.987 

1.38 

1.10 

0.323 

0.446 

0.724 

0.28 

2.17 

0.947 

0.962 

0.985 

1.40 

1.11 

0.314 

0.437 

0.718 

0.30 

2.04 

0.939 

0.956 

0.982 

1.42 

1.13 

0.305 

0.429 

0.713 

0.32 

1.92 

0.932 

0.951 


1.44 

1.14 

0.297 

0.420 

0.707 

0.34 

1.82 

0.923 

0.944 

0.977 

1.46 

1.15 

0.289 

0.412 

0.701 

0.36 

1.74 

0.914 

0.938 

0.975 

1.48 

1.16 

0.280 

0.403 

0.695 

0.38 

1.66 

0.905 

0.931 

0.972 

1.50 

1.18 

0.272 

0.395 

0.690 

0.40 

1.59 

0.896 

0.924 

0.969 

1.52 

1.19 

0.265 

0.387 

0.684 

0.42 

1.53 

0.886 

0.917 

0.966 

1.54 

1.20 

0.257 

0.379 

0.678 

0.44 

1.47 

0.876 

0.909 

0.963 

1.56 

1.22 

0.250 

0.371 

0.672 

0.46 

1.42 

0.865 

0.902 

0.959 

1.58 

1.23 

0.242 

0.363 

0.667 

0.48 

1.38 

0.854 

0.893 

0.956 

1.60 

1.25 

0.235 

0.356 

0.661 

0.50 

1.34 

0.843 

0.885 

0.952 

1.62 

1.27 

0.228 

0.348 

0.656 

0.52 

1.30 

0.832 

0.877 

0.949 

1.64 

1.28 

0.222 

0.341 

0.650 

0.54 

1.27 

0.820 

0.868 

0.945 

1.66 

1.30 

0.215 

0.334 

0.645 

0.56 

1.24 

0.808 

0.859 

0.941 

1.68 

1.32 

0.209 

0.327 

0.639 

0.58 

1.21 

0.796 

0.850 

0.937 

1.70 

1.34 

0.203 

0.320 

0.634 

0.60 

1.19 

0.784 

0.840 

0.933 

1.72 

1.36 

0.197 

0.313 

0.628 

0.62 

1.17 

0.772 

0.831 

0.929 

1.74 

1.38 

0.191 

0.306 

0.623 

0.64 

1.16 

0.759 

0.821 

0.924 

1.76 

1.40 

0.185 

0.300 

0.617 

0.66 

1.13 

0.747 

0.812 


1.78 

1.42 

0.179 

0.293 

0.612 

0.68 

1.12 

0.734 

0.802 

0.915 

1.80 

1.44 

0.174 

0.287 

0.607 

0.70 

1.09 

0.721 

0.792 

0.911 

1.82 

1.46 

0.169 

0.281 

0.602 

0.72 

1.08 

0.708 

0.781 

0.906 

1.84 

1.48 

0.164 

0.275 

0.596 

0.74 

1.07 

0.695 

0.771 

0.901 

1.86 

1.51 

0.159 

0.269 

0.591 

0.76 

1.06 

0.682 

0.761 

0.896 

1.88 

1.53 

0.154 

0.263 

0.586 

0.78 

1.05 

0.669 

0.750 

0.891 

1.90 

1.56 

0.149 

0.257 

0.581 

0.80 

1.04 

0.656 

0.740 

0.886 

1.92 

1.58 

0.145 

0.251 

0.576 

0.82 

1.03 

0.643 

0.729 

0.881 

1.94 

1.61 


0.246 

0.571 

0.84 

1.02 

0.630 

0.719 

0.876 

1.96 

1.63 

0.136 

0.240 

0.566 

0.86 

1.02 

0.617 

0.708 

0.871 

1.98 

1.66 


0.235 

0.561 

0.88 

1.01 

0.604 

0.698 

0.865 

2.00 

1.69 

0.128 

0.230 

0.556 

0.90 

1.01 

0.591 

0.687 

0.860 

2.02 

1.72 

0.124 

0.225 

0.551 

0.92 

1.01 

0.578 

0.676 

0.855 

2.04 

1.75 


0.220 

0.546 

0.94 

1.00 

0.566 

0.666 

0.850 

2.06 

1.78 

0.116 

0.215 

0.541 

0.96 

1.00 

0.553 

0.655 

0.844 

2.08 

1.81 

0.113 

0.210 

0.536 

0.98 

1.00 

0.541 

0.645 

0.839 

2.10 

1.84 

0.109 

0.206 

0.531 

1.00 

1.00 

0.528 

0.632 

0.833 

2.12 

1.87 

0.106 

0.201 

0.526 

1.02 

1.00 

0.516 

0.623 

0.828 

2.14 

1.90 

0.103 

0.197 

0.522 

1.04 

1.00 

0.504 

0.613 

0.822 

2.16 

1.94 

0.100 

0.192 

0.517 

1.06 

1.00 

0.492 


0.817 

2.18 

1.97 

0.097 

0.188 

0.513 

1.08 

1.01 

0.480 

0.592 

0.810 

2.20 

2.01 

0.094 

0.184 
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TABLE A-16 One-dimensional isentropic relations ( continued) 



A! A* 

p/po 

p/po 

77 7o 


AM* 

p/po 

p/po 

r/To 

2.22 

2.04 

0.091 

0.180 

0.504 

2.74 

3.31 

0.040 

0.101 

0.400 

2.24 

2.08 

0.088 

0.176 

0.499 

2.76 

3.37 

0.039 

0.099 

0.3% 

2.26 

2.12 

0.085 

0.172 

0.495 

2.78 

3.43 

0.038 

0.097 

0.393 

2.28 

2.15 

0.083 

0.168 

0.490 

2.80 

3.50 

0.037 

0.095 

0.389 






2.82 

3.57 

0.036 

0.093 

0.386 

2.30 

2.19 

0.080 

0.165 

0.486 

2.84 

3.64 

0.035 

0.091 

0.383 

2.32 

2.23 

0.078 

0.161 

0.482 




2.34 

2.27 

0.075 

0.157 

0.477 

2.86 

3.71 

0.034 

0.089 

0.379 

2.36 

2.32 

0.073 

0.154 

0.473 

2.88 

3.78 

0.033 

.0.087 

0.376 






2.90 

3.85 

0.032 

0.085 

0.373 

2.38 

2.36 

0.071 

0.150 

0.469 

2.92 

3.92 

0.031 

0.083 

0.370 

2.40 

2.40 

0.068 

0.147 

0.465 






2.42 

2.45 

0.066 

0.144 

0.461 

2.94 

4.00 

0.030 

0.081 

0.366 

2.44 

2.49 

0.064 

0.141 

0.456 

2.96 

4.08 

0.029 

0.080 

0.363 





2.98 

4.15 

0.028 

0.078 

0.360 

2.46 

2.54 

0.062 

0.138 

0.452 

3.00 

4.23 

0.027 

0.076 

0.357 

2.48 

2.59 

0.060 

0.135 

0.448 






2.50 

2.64 

0.059 

0.132 

0.444 

3.10 

4.66 

0.023 

0.0685 

0.342 

2.52 

2.69 

0.057 

0.129 

0.441 

3.20 

5.12 

0.020 

0.062 

0.328 






3.3 

5.63 

0.0175 

0.0555 

0.315 

2.54 

2.74 

0.055 

0.126 

0.437 

3.4 

6.18 

0.015 

0.050 

0.302 

2.56 

2.79 

0.053 

0.123 

0.433 






2.58 

2.84 

0.052 

0.121 

0.429 

3.5 

6.79 

0.013 

0.045 

0.290 

2.60 

2.90 

0.050 

0.118 

0.425 

3.6 

7.45 

0.0114 

0.041 

0.278 

2.62 

2.95 

0.049 

0.115 

0.421 

3.7 

8.17 

0.0099 

0.037 

0.2675 

2.64 

3.01 

0.047 

0.113 

0.418 

3.8 

8.95 

0.0086 

0.0335 

0.257 

2.66 

3.06 

0.046 

0.110 

0.414 






2.68 

3.12 

0.044 

0.108 

0.410 

3.9 

9.80 

0.0075 

0.030 

0.247 

2.70 

3.18 

0.043 

0.106 

0.407 

4.0 

10.72 

0.0066 

0.028 

0.238 

2.72 

3.24 

0.042 

0.103 

0.403 







tFor a perfect gas with constant specific heat, k = 1.4 
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TABLE A-17 One-dimensional normal-shock relations! 


N Ml 


P2 

P i 

72 

Ti 

(P0>2 

( po)i 

Nm 


P2 

Pi 

t 2 

T\ 

(Pok 

( Po)i 

1.00 

1.000 

1.000 

1.000 

1.000 

2.04 

0.571 

4.689 

1.720 

0.702 

1.02 

0.980 

1.047 

1.013 

1.000 

2.06 

0.567 

4.784 

1.737 

0.693 

1.04 

0.962 

1.095 

1.026 

1.000 

2.08 

0.564 

4.881 

1.754 

0.683 

1.06 

0.944 

1.144 

1.039 

1.000 

2.10 

0.561 

4.978 

1.770 

0.674 

1.08 

0.928 

1.194 

1.052 

0.999 

2.12 

0.558 

5.077 

1.787 

0.665 

1.10 

0.912 

1.245 

1.065 

0.999 

2.14 

0.555 

5.176 

1.805 

0.656 

1.12 

0.896 

1.297 

1.078 

0.998 

2.16 

0.553 

5.277 

1.822 

0.646 

1.14 

0.882 

1.350 

1.090 

0.997 

2.18 

0.550 

5.378 

1.839 

0.637 

1.16 

0.868 

1.403 

1.103 

0.996 






1.18 

0.855 

1.458 

1.115 

0.995 

2.20 

0.547 

5.480 

1.857 

0.628 

1.20 

0.842 

1.513 

1.128 

0.993 

2.22 

0.544 

5.583 

1.875 

0.619 

1.22 

0.830 

1.570 

1.140 

0.991 

2.24 

0.542 

5.687 

1.892 

0.610 






2.26 

0.539 

5.792 

1.910 

0.601 

1.24 

0.818 

1.627 

1.153 

0.988 






1.26 

0.807 

1.686 

1.166 

0.986 

2.28 

0.537 

5.898 

1.929 

0.592 

1.28 

0.796 

1.745 

1.178 

0.983 

2.30 

0.534 

6.005 

1.947 

0.583 

1.30 

0.786 

1.805 

1.191 

0.979 

2.32 

0.532 

6.113 

1.965 

0.575 

1.32 

0.776 

1.866 

1.204 

0.976 

2.34 

0.530 

6.222 

1.984 

0.566 

1.34 

0.766 

1.928 

1.216 

0.972 

2.36 

0.527 

6.331 

2.003 

0.557 

1.36 

0.757 

1.991 

1.229 

0.968 

2.38 

0.525 

6.442 

2.021 

0.549 

1.38 

0.748 

2.055 

1.242 

0.963 

2.40 

0.523 

6.553 

2.040 

0.540 

1.40 

0.740 

2.120 

1.255 

0.958 

2.42 

0.521 

6.666 

2.060 

0.532 

1.42 

0.731 

2.186 

1.268 

0.953 

2.44 

0.519 

6.779 

2.079 

0.523 

1.44 

0.723 

2.253 

1.281 

0.948 

2.46 

0.517 

6.894 

2.098 

0.515 

1.46 

0.716 

2.320 

1.294 

0.942 

2.48 

0.515 

7.009 

2.118 

0.507 

1.48 

0.708 

2.389 

1.307 

0.936 

2.50 

0.513 

7.125 

2.138 

0.499 

1.50 

0.701 

2.458 

1.320 

0.930 

2.52 

0.511 

7.242 

2.157 

0.491 

1.52 

0.694 

2.529 

1.334 

0.923 

2.54 

0.509 

7.360 

2.177 

0.483 

1.54 

0.687 

2.600 

1.347 

0.917 

2.56 

0.507 

7.479 

2.198 

0.475 

1.56 

0.681 

2.673 

1.361 

0.910 

2.58 

0.506 

7.599 

2.218 

0.468 

1.58 

0.675 

2.746 

1.374 

0.903 

2.60 

0.504 

7.720 

2.238 

0.460 

1.60 

0.668 

2.820 

1.388 

0.895 

2.62 

0.502 

7.842 

2.260 

0.453 

1.62 

0.663 

2.895 

1.402 

0.888 

2.64 

0.500 

7.965 

2.280 

0.445 

1.64 

0.657 

2.971 

1.416 

0.880 

2.66 

0.499 

8.088 

2.301 

0.438 

1.66 

0.651 

3.048 

1.430 

0.872 

2.68 

0.497 

8.213 

2.322 

0.431 

1.68 

0.646 

3.126 

1.444 

0.864 

2.70 

0.496 

8.338 

2.343 

0.424 

1.70 

0.641 

3.205 

1.458 

0.856 

2.72 

0.494 

8.465 

2.364 

0.417 

1.72 

0.635 

3.285 

1.473 

0.847 

2.74 

0.493 

8.592 

2.396 

0.410 

1.74 

0.631 

3.366 

1.487 

0.839 

2.76 

0.491 

8.721 

2.407 

0.403 

1.76 

0.626 

3.447 

1.502 

0.830 

2.78 

0.490 

8.850 

2.429 

0 . 3 % 

1.78 

0.621 

3.530 

1.517 

0.821 

2.80 

0.488 

8.980 

2.451 

0.389 

1.80 

0.617 

3.613 

1.532 

0.813 

2.82 

0.487 

9.111 

2.473 

0.383 

1.82 

0.612 

3.698 

1.547 

0.804 

2.84 

0.485 

9.243 

2.496 

0.376 

1.84 

0.608 

3.783 

1.562 

0.795 

2.86 

0.484 

9.376 

2.518 

0.370 

1.86 

0.604 

3.869 

1.577 

0.786 

2.88 

0.483 

9.510 

2.541 

0.364 

1.88 

0.600 

3.957 

1.592 

0.777 

2.90 

0.481 

9.645 

2.563 

0.358 

1.90 

0.596 

4.045 

1.608 

0.767 

2.92 

0.480 

9.781 

2.586 

0.352 

1.92 

0.592 

4.134 

1.624 

0.758 

2.94 

0.479 

9.918 

2.609 

0.346 

1.94 

0.588 

4.224 

1.639 

0.749 

2.96 

0.478 

10.055 

2.632 

0.340 

1.96 

0.584 

4.315 

1.655 

0.740 

2.98 

0.476 

10.194 

2.656 

0.334 

1.98 

0.581 

4.407 

1.671 

0.730 

3.00 

0.475 

10.333 

2.679 

0.328 

2.00 

0.577 

4.500 

1.688 

0.721 






2.02 

0.574 

4.594 

1.704 

0.711 







tFor a perfect gas with k = 1.4. 
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TABLE A-18 Some expansion factors Y for compressible flow through flow-nozzles 
and venturi meters 


Pit Pl 

k 

Ratio of Diameters ( iljch ) 

0.30 

0.40 

0.50 

0.60 

0.70 


1.40 

0.973 

0.972 

0.971 

0.968 

0.962 

0.95 

1.30 

.970 

.970 

.968 

.965 

.959 


1.20 

.968 

.967 

.966 

.963 

.956 


1.40 

0.944 

0.943 

0.941 

0.935 

0.925 

0.90 

1.30 

.940 

.939 

.936 

.931 

.918 


1.20 

.935 

.933 

.931 

.925 

.912 


1.40 

0.915 

0.914 

0.910 

0.902 

0.887 

0.85 

1.30 

.910 

.907 

.904 

.896 

.880 


1.20 

.902 

.900 

.896 

.887 

.870 


1.40 

0.886 

0.884 

0.880 

0.868 

0.850 

0.80 

1.30 

.876 

.873 

.869 

.857 

.839 


1.20 

.866 

.864 

.859 

.848 

.829 


1.40 

0.856 

0.853 

0.846 

0.836 

0.814 

0.75 

1.30 

.844 

.841 

.836 

.823 

.802 


1.20 

.820 

.818 

.812 

.798 

.776 


1.40 

0.824 

0.820 

0.815 

0.800 

0.778 

0.70 

1.30 

.812 

.808 

.802 

.788 

.763 


1.20 

.794 

.791 

.784 

.770 

.745 


For p 2 / p , = 1 . 00 , Y = 1 . 00 . 


TABLE A-19 Discharge coefficients for vertical sharp-edged circular orifices 

For Water at 60 °F Discharging into Air at Same Temperature 


Head 
in Feet 

Orifice Diameter in Inches 

0.25 

0.50 

0.75 

1.00 

2.00 

4.00 

0.8 

0.647 

0.627 

0.616 

0.609 

0.603 

0.601 

1.4 

.635 

.619 

.610 

.605 

.601 

.600 

2.0 

.629 

.615 

.607 

.603 

.600 

.599 

4.0 

.621 

.609 

.603 

.600 

.598 

.597 

6.0 

.617 

.607 

.601 

.599 

.597 

.596 

8.0 

.614 

.605 

.600 

.598 

.596 

.595 

10.0 

.613 

.604 

.600 

.597 

.596 

.595 

12.0 

.612 

.603 

.599 

.597 

.595 

.595 

14.0 

.611 

.603 

.598 

.596 

.595 

.594 

16.0 

.610 

.602 

.598 

.596 

.595 

.594 

20.0 

.609 

.602 

.598 

.596 

.595 

.594 

25.0 

.608 

.601 

.597 

.596 

.594 

.594 

30.0 

.607 

.600 

.597 

.595 

.594 

.594 

40.0 

.606 

.600 

.596 

.595 

.594 

.593 

50.0 

.605 

.599 

.596 

.595 

.594 

.593 

60.0 

.605 

.599 

.596 

.594 

.593 

.593 


Source: F, W. Medaugh and G. D. Johnson, Civil Engr., July 1940, p. 424. 
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TABLE A-20 Drag of two-dimensional bodies at N K a 10 4 

Shape Co based on frontal area Shape C D based on frontal area 


Plate: 



Square cylinder: 





Half-cylinder: 

-a 

- D 

Equilateral triangle: 

-< 

- > 


1.2 

1.7 

1.6 

10 


Elliptical cylinder: Laminar Turbulent 



2:1 


0.6 


02 
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TABLE A-21 Drag of three-dimensional bodies at N R a 10 4 


Body 


Cube: 

-□ 

-O 

60° cone: 

—<2 

Disk: 


Cup: 



Parachute (low porosity): 



Rectangular plate: 
-» h 

b 


Rat-faced cylinder: 


Ellipsoid: 



Ratio C D based on frontal area 


1.07 

0.81 


0.5 

1.17 

1.4 

0.4 


1.2 


b/h 1 

1.18 

5 

1.2 

10 

1.3 

20 

1.5 

oo 

2.0 


L/d 

0.5 


1.15 



1 


0.90 



2 


0.85 



4 


0.87 



8 


0.99 




Laminar 


Turbulent 

L/d 

0.75 

0.5 


0.2 


1 

0.47 


0.2 


2 

0.27 


0.13 


4 

0.25 


0.1 


8 

0.2 


0.08 
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TABLE A-22 Drag coefficients for three-dimensional bodies 


Shape 


c D 

Shape 

Laminar 

flow 

Turbulent 

flow 

Disc 

-1 

1.17 





u 


Sphere : — Q 

0.47 

0.27 

60 ° cone 

-0 

0.49 

Ellipsoidal 





1.05 

body of 



Cube 


revolution : 





0.80 







2 : 1 - o 

0.27 

0.06 

Hollow 

i-o 

0.38 

4 : 1 - C 5 

0.20 

0.06 

cup 

i-D 

1.42 

8 : 1 - cr ^ 

> 0.25 

0.13 

Solid 

hQ 

0.38 




hemisphere 

VD 

1.17 





TABLE A-23 Typical drag coefficients for various cylinders in 
two-dimensional flow 


Body shape 



C D 

Reynolds number 

Circular cylinder 

- < 

3 

1.2 

10 4 to 1.5 x 10 s 

Elliptical cylinder 

- ' 

c=> 2:1 

0.6 

4x 10* 




0.46 

10 5 


—* ' 

e—> 4:1 

0.32 

2.5 x 10 4 to 10 5 


—» « 

= 8:1 

0.29 

2.5 xlO 4 



* 

0.20 

2x 10 5 

Square cylinder 

- 

□ 

2.0 

3.5 x 10 4 


—♦ 

o 

1.6 

10 4 to 10 5 

Triangular cylinders 

—► 

£>120° 

2.0 

10 4 


- - 

120" 

1.72 

10 4 



^90° 

2.15 

10 4 


- 

^90° 

1.60 

10 4 


- 

[>60° 

2.20 

10* 


- 

<]60° 

1.39 

10 4 


^ 1 

C<»30 

1.8 

10 5 


—* 


1.0 

10 5 

Semitubular 

—* 


2.3 

4x 10 4 


-► 1 

c 

1.12 

4x 10 4 


From W . F . Lindsey , NACA Tech . Rep . 619 , 1938 . 













TABLE A-24 Adiabatic frictional flow in a constant-area duct for 
y = 1.4 


N M 

fL*/D 

pip* 

0.0 

00 

00 

0.02 

1778.4500 

54.7701 

0.04 

440.3520 

27.3817 

0.06 

193.0310 

18.2508 

0.08 

106.7180 

13.6843 

0.1 

66.9216 

10.9435 

0.12 

45.4080 

9.1156 

0.14 

32.5113 

7.8093 

0.16 

24.1978 

6.8291 

0.18 

18.5427 

6.0662 

0.2 

14.5333 

5.4554 

0.22 

11.5961 

4.9554 

0.24 

9.3865 

4.5383 

0.26 

7.6876 

4.1851 

0.28 

6.3572 

3.8820 

0.3 

5.2993 

3.6191 

0.32 

4.4467 

3.3887 

0.34 

3.7520 

3.1853 

0.36 

3.1801 

3.0042 

0.38 

2.7054 

2.8420 

0.4 

2.3085 

2.6958 

0.42 

1.9744 

2.5634 

0.44 

1.6915 

2.4428 

0.46 

1.4509 

2.3326 

0.48 

1.2453 

2.2313 

0.5 

1.0691 

2.1381 

0.52 

0.9174 

2.0519 

0.54 

0.7866 

1.9719 

0.56 

0.6736 

1.8975 

0.58 

0.5757 

1.8282 

0.6 

0.4908 

1.7634 

0.62 

0.4172 

1.7026 

0.64 

0.3533 

1.6456 

0.66 

0.2979 

1.5919 

0.68 

0.2498 

1.5413 

0.7 

0.2081 

1.4935 

0.72 

0.1721 

1.4482 

0.74 

0.1411 

1.4054 

0.76 

0.1145 

1.3647 

0.78 

0.0917 

1.3261 

0.8 

0.0723 

1.2893 

0.82 

0.0559 

1.2542 

0.84 

0.0423 

1.2208 

0.86 

0.0310 

1.1889 

0.88 

0.0218 

1.1583 


T/T* p*/p = V/V* p„/p„* 


1.2000 

0.0 

00 

1.1999 

0.0219 

28.9421 

1.1996 

0.0438 

14.4815 

1.1991 

0.0657 

9.6659 

1.1985 

0.0876 

7.2616 

1.1976 

0.1094 

5.8218 

1.1966 

0.1313 

4.8643 

1.1953 

0.1531 

4.1824 

1.1939 

0.1748 

3.6727 

1.1923 

0.1965 

3.2779 

1.1905 

0.2182 

2.9635 

1.1885 

0.2398 

2.7076 

1.1863 

0.2614 

2.4956 

1.1840 

0.2829 

2.3173 

1.1815 

0.3043 

2.1656 

1.1788 

0.3257 

2.0351 

1.1759 

0.3470 

1.9219 

1.1729 

0.3682 

1.8229 

1.1697 

0.3893 

1.7358 

1.1663 

0.4104 

1.6587 

1.1628 

0.4313 

1.5901 

1.1591 

0.4522 

1.5289 

1.1553 

0.4729 

1.4740 

1.1513 

0.4936 

1.4246 

1.1471 

0.5141 

1.3801 

1.1429 

0.5345 

1.3398 

1.1384 

0.5548 

1.3034 

1.1339 

0.5750 

1.2703 

1.1292 

0.5951 

1.2403 

1.1244 

0.6150 

1.2130 

1.1194 

0.6348 

1.1882 

1.1143 

0.6545 

1.1656 

1.1091 

0.6740 

1.1451 

1.1038 

0.6934 

1.1265 

1.0984 

0.7127 

1.1097 

1.0929 

0.7318 

1.0944 

1.0873 

0.7508 

1.0806 

1.0815 

0.7696 

1.0681 

1.0757 

0.7883 

1.0570 

1.0698 

0.8068 

1.0471 

1.0638 

0.8251 

1.0382 

1.0578 

0.8433 

1.0305 

1.0516 

0.8614 

1.0237 

1.0454 

0.8793 

1.0179 

1.0391 

0.8970 

1.0129 


Source: Fluid Mechanics by White 
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TABLE A-24 ( Cont .) 


N M 

fL*/D 

p/p* 

T/T* p*/ p = V/V* 

pjp* 

0.9 

0.0145 

1.1291 

1.0327 

0.9146 

1.0089 

0.92 

0.0089 

1.1011 

1.0263 

0.9320 

1.0056 

0.94 

0.0048 

1.0743 

1.0198 

0.9493 

1.0031 

0.96 

0.0021 

1.0485 

1.0132 

0.9663 

1.0014 

0.98 

0.0005 

1.0238 

1.0066 

0.9833 

1.0003 

1.0 

0.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.02 

0.0005 

0.9771 

0.9933 

1.0166 

1.0003 

1.04 

0.0018 

0.9551 

0.9866 

1.0330 

1.0013 

1.06 

0.0038 

0.9338 

0.9798 

1.0492 

1.0029 

1.08 

0.0066 

0.9133 

0.9730 

1.0653 

1.0051 

1.1 

0.0099 

0.8936 

0.9662 

1.0812 

1.0079 

1.12 

0.0138 

0.8745 

0.9593 

1.0970 

1.0113 

1.14 

0.0182 

0.8561 

0.9524 

1.1126 

1.0153 

1.16 

0.0230 

0.8383 

0.9455 

1.1280 

1.0198 

1.18 

0.0281 

0.8210 

0.9386 

1.1432 

1.0248 

1.2 

0.0336 

0.8044 

0.9317 

1.1583 

1.0304 

1.22 

0.0394 

0.7882 

0.9247 

1.1732 

1.0366 

1.24 

0.0455 

0.7726 

0.9178 

1.1879 

1.0432 

1.26 

0.0517 

0.7574 

0.9108 

1.2025 

1.0504 

1.28 

0.0582 

0.7427 

0.9038 

1.2169 

1.0581 

1.3 

0.0648 

0.7285 

0.8969 

1.2311 

1.0663 

1.32 

0.0716 

0.7147 

0.8899 

1.2452 

1.0750 

1.34 

0.0785 

0.7012 

0.8829 

1.2591 

1.0842 

1.36 

0.0855 

0.6882 

0.8760 

1.2729 

1.0940 

1.38 

0.0926 

0.6755 

0.8690 

1.2864 

1.1042 

1.4 

0.0997 

0.6632 

0.8621 

1.2999 

1.1149 

1.42 

0.1069 

0.6512 

0.8551 

1.3131 

1.1262 

1.44 

0.1142 

0.6396 

0.8482 

1.3262 

1.1379 

1.46 

0.1215 

0.6282 

0.8413 

1.3392 

1.1501 

1.48 

0.1288 

0.6172 

0.8344 

1.3520 

1.1629 

1.5 

0.1361 

0.6065 

0.8276 

1.3646 

1.1762 

1.52 

0.1433 

0.5960 

0.8207 

1.3770 

1.1899 

1.54 

0.1506 

0.5858 

0.8139 

1.3894 

1.2042 

1.56 

0.1579 

0.5759 

0.8071 

1.4015 

1.2190 

1.58 

0.1651 

0.5662 

0.8004 

1.4135 

1.2344 

1.6 

0.1724 

0.5568 

0.7937 

1.4254 

1.2502 

1.62 

0.1795 

0.5476 

0.7869 

1.4371 

1.2666 

1.64 

0.1867 

0.5386 

0.7803 

1.4487 

1.2836 

1.66 

0.1938 

0.5299 

0.7736 

1.4601 

1.3010 

1.68 

0.2008 

0.5213 

0.7670 

1.4713 

1.3190 

1.7 

0.2078 

0.5130 

0.7605 

1.4825 

1.3376 

1.72 

0.2147 

0.5048 

0.7539 

1.4935 

1.3567 

1.74 

0.2216 

0.4969 

0.7474 

1.5043 

1.3764 

1.76 

0.2284 

0.4891 

0.7410 

1.5150 

1.3967 

1.78 

0.2352 

0.4815 

0.7345 

1.5256 

1.4175 
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TABLE A-24 ( Contd .) Adiabatic frictional flow in a constant-area 
duct for y = 1.4 


n m 

fL*/D 

P/P* 

T/T* p*/p = V/V* 

pjp* 

1.8 

0.2419 

0.4741 

0.7282 

1.5360 

1.4390 

1.82 

0.2485 

0.4668 

0.7218 

1.5463 

1.4610 

1.84 

0.2551 

0.4597 

0.7155 

1.5564 

1.4836 

1.86 

0.2616 

0.4528 

0.7093 

1.5664 

1.5069 

1.88 

0.2680 

0.4460 

0.7030 

1.5763 

1.5308 

1.9 

0.2743 

0.4394 

0.6969 

1.5861 

1.5553 

1.92 

0.2806 

0.4329 

0.6907 

1.5957 

1.5804 

1.94 

0.2868 

0.4265 

0.6847 

1.6052 

1.6062 

1.96 

0.2929 

0.4203 

0.6786 

1.6146 

1.6326 

1.98 

0.2990 

0.4142 

0.6726 

1.6239 

1.6597 

2.0 

0.3050 

0.4082 

0.6667 

1.6330 

1.6875 

2.02 

0.3109 

0.4024 

0.6608 

1.6420 

1.7160 

2.04 

0.3168 

0.3967 

0.6549 

1.6509 

1.7451 

2.06 

0.3225 

0.3911 

0.6491 

1.6597 

1.7750 

2.08 

0.3282 

0.3856 

0.6433 

1.6683 

1.8056 

2.1 

0.3339 

0.3802 

0.6376 

1.6769 

1.8369 

2.12 

0.3394 

0.3750 

0.6320 

1.6853 

1.8690 

2.14 

0.3449 

0.3698 

0.6263 

1.6936 

1.9018 

2.16 

0.3503 

0.3648 

0.6208 

1.7018 

1.9354 

2.18 

0.3556 

0.3598 

0.6152 

1.7099 

1.9698 

2.2 

0.3609 

0.3549 

0.6098 

1.7179 

2.0050 

2.22 

0.3661 

0.3502 

0.6043 

1.7258 

2.0409 

2.24 

0.3712 

0.3455 

0.5989 

1.7336 

2.0777 

2.26 

0.3763 

0.3409 

0.5936 

1.7412 

2.1153 

2.28 

0.3813 

0.3364 

0.5883 

1.7488 

2.1538 

2.3 

0.3862 

0.3320 

0.5831 

1.7563 

2.1931 

2.32 

0.3911 

0.3277 

0.5779 

1.7637 

2.2333 

2.34 

0.3959 

0.3234 

0.5728 

1.7709 

2.2744 

2.36 

0.4006 

0.3193 

0.5677 

1.7781 

2.3164 

2.38 

0.4053 

0.3152 

0.5626 

1.7852 

2.3593 

2.4 

0.4099 

0.3111 

0.5576 

1.7922 

2.4031 

2.42 

0.4144 

0.3072 

0.5527 

1.7991 

2.4479 

2.44 

0.4189 

0.3033 

0.5478 

1.8059 

2.4936 

2.46 

0.4233 

0.2995 

0.5429 

1.8126 

2.5403 

2.48 

0.4277 

0.2958 

0.5381 

1.8192 

2.5880 

2.5 

0.4320 

0.2921 

0.5333 

1.8257 

2.6367 

2.52 

0.4362 

0.2885 

0.5286 

1.8322 

2.6865 

2.54 

0.4404 

0.2850 

0.5239 

1.8386 

2.7372 

2.56 

0.4445 

0.2815 

0.5193 

1.8448 

2.7891 

2.58 

0.4486 

0.2781 

0.5147 

1.8510 

2.8420 

2.6 

0.4526 

0.2747 

0.5102 

1.8571 

2.8960 

2.62 

0.4565 

0.2714 

0.5057 

1.8632 

2.9511 

2.64 

0.4604 

0.2682 

0.5013 

1.8691 

3.0073 

2.66 

0.4643 

0.2650 

0.4969 

1.8750 

3.0647 

2.68 

0.4681 

0.2619 

0.4925 

1.8808 

3.1233 
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TABLE A-24 ( Cont .) 



fL*/D 

P/P* 

TjT* p*/p = V/V* 

Po/p* 

2.7 

0.4718 

0.2588 

0.4882 

1.8865 

3.1830 

2.72 

0.4755 

0.2558 

0.4839 

1.8922 

3.2440 

2.74 

0.4791 

0.2528 

0.4797 

1.8978 

3.3061 

2.76 

0.4827 

0.2498 

0.4755 

1.9033 

3.3695 

2.78 

0.4863 

0.2470 

0.4714 

1.9087 

3.4342 

2.8 

0.4898 

0.2441 

0.4673 

1.9140 

3.5001 

2.82 

0.4932 

0.2414 

0.4632 

1.9193 

3.5674 

2.84 

0.4966 

0.2386 

0.4592 

1.9246 

3.6359 

2.86 

0.5000 

0.2359 

0.4552 

1.9297 

3.7058 

2.88 

0.5033 

0.2333 

0.4513 

1.9348 

3.7771 

2.9 

0.5065 

0.2307 

0.4474 

1.9398 

3.8498 

2.92 

0.5097 

0.2281 

0.4436 

1.9448 

3.9238 

2.94 

0.5129 

0.2256 

0.4398 

1.9497 

3.9993 

2.96 

0.5160 

0.2231 

0.4360 

1.9545 

4.0763 

2.98 

0.5191 

0.2206 

0.4323 

1.9593 

4.1547 

3.0 

0.5222 

0.2182 

0.4286 

1.9640 

4.2346 

3.02 

0.5252 

0.2158 

0.4249 

1.9686 

4.3160 

3.04 

0.5281 

0.2135 

0.4213 

1.9732 

4.3989 

3.06 

0.5310 

0.2112 

0.4177 

1.9777 

4.4835 

3.08 

0.5339 

0.2090 

0.4142 

1.9822 

4.5696 

3.1 

0.5368 

0.2067 

0.4107 

1.9866 

4.6573 

3.12 

0.5396 

0.2045 

0.4072 

1.9910 

4.7467 

3.14 

0.5424 

0.2024 

0.4038 

1.9953 

4.8377 

3.16 

0.5451 

0.2002 

0.4004 

1.9995 

4.9304 

3.18 

0.5478 

0.1981 

0.3970 

2.0037 

5.0248 

3.2 

0.5504 

0.1961 

0.3937 

2.0079 

5.1210 

3.22 

0.5531 

0.1940 

0.3904 

2.0120 

5.2189 

3.24 

0.5557 

0.1920 

0.3872 

2.0160 

5.3186 

3.26 

0.5582 

0.1901 

0.3839 

2.0200 

5.4201 

3.28 

0.5607 

0.1881 

0.3807 

2.0239 

5.5234 

3.3 

0.5632 

0.1862 

0.3776 

2.0278 

5.6286 

3.32 

0.5657 

0.1843 

0.3745 

2.0317 

5.7358 

3.34 

0.5681 

0.1825 

0.3714 

2.0355 

5.8448 

3.36 

0.5705 

0.1806 

0.3683 

2.0392 

5.9558 

3.38 

0.5729 

0.1788 

0.3653 

2.0429 

6.0687 

3.4 

0.5752 

0.1770 

0.3623 

2.0466 

6.1837 

3.42 

0.5775 

0.1753 

0.3594 

2.0502 

6.3007 

3.44 

0.5798 

0.1736 

0.3564 

2.0537 

6.4198 

3.46 

0.5820 

0.1718 

0.3535 

2.0573 

6.5409 

3.48 

0.5842 

0.1702 

0.3507 

2.0607 

6.6642 

3.5 

0.5864 

0.1685 

0.3478 

2.0642 

6.7896 

3.52 

0.5886 

0.1669 

0.3450 

2.0676 

6.9172 

3.54 

0.5907 

0.1653 

0.3422 

2.0709 

7.0471 

3.56 

0.5928 

0.1637 

0.3395 

2.0743 

7.1791 

3.58 

0.5949 

0.1621 

0.3368 

2.0775 

7.3135 
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TABLE A-24 ( Cont .) Adiabatic frictional flow in a constant-area duct 
for y = 1.4 


n m 

fL*/D 

P/P * 

T/T* p*/p=V/V* 

Pn/p o 

3.6 

0.5970 

0.1606 

0.3341 

2.0808 

7.4501 

3.62 

0.05990 

0.1590 

0.3314 

2.0840 

7.5891 

3.64 

0.6010 

0.1575 

0.3288 

2.0871 

7.7305 

3.66 

0.6030 

0.1560 

0.3262 

2.0903 

7.8742 

3.68 

0.6049 

0.1546 

0.3236 

2.0933 

8.0204 

3.7 

0.6068 

0.1531 

0.3210 

2.0964 

8.1691 

3.72 

0.6087 

0.1517 

0.3185 

2.0994 

8.3202 

3.74 

0.6106 

0.1503 

0.3160 

2.1024 

8.4739 

3.76 

0.6125 

0.1489 

0.3135 

2.1053 

8.6302 

3.78 

0.6143 

0.1475 

0.3111 

2.1082 

8.7891 

3.8 

0.6161 

0.1462 

0.3086 

2.1111 

8.9506 

3.82 

0.6179 

0.1449 

0.3062 

2.1140 

9.1148 

3.84 

0.6197 

0.1436 

0.3039 

2.1168 

9.2817 

3.86 

0.6214 

0.1423 

0.3015 

2.1195 

9.4513 

3.88 

0.6231 

0.1410 

0.2992 

2.1223 

9.6237 

3.9 

0.6248 

0.1397 

0.2969 

2.1250 

9.7990 

3.92 

0.6265 

0.1385 

0.2946 

2.1277 

9.9771 

3.94 

0.6282 

0.1372 

0.2923 

2.1303 

10.1581 

3.% 

0.6298 

0.1360 

0.2901 

2.1329 

10.3420 

3.98 

0.6315 

0.1348 

0.2879 

2.1355 

10.5289 

4.0 

0.6331 

0.1336 

0.2857 

2.1381 

10.7188 
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TABLE A-25 Frictionless duct flow with heat transfer for y = 1.4 


N M 

TJT* 

p/p* 

T/T* p*lp = V/V* 

Palpi 

0.0 

0.0 

2.4000 

0.0 

0.0 

1.2679 

0.02 

0.0019 

2.3987 

0.0023 

0.0010 

1.2675 

0.04 

0.0076 

2.3946 

0.0092 

0.0038 

1.2665 

0.06 

0.0171 

2.3880 

0.0205 

0.0086 

1.2647 

0.08 

0.0302 

2.3787 

0.0362 

0.0152 

1.2623 

0.1 

0.0468 

2.3669 

0.0560 

0.0237 

1.2591 

0.12 

0.0666 

2.3526 

0.0797 

0.0339 

1.2554 

0.14 

0.0895 

2.3359 

0.1069 

0.0458 

1.2510 

0.16 

0.1151 

2.3170 

0.1374 

0.0593 

1.2461 

0.18 

0.1432 

2.2959 

0.1708 

0.0744 

1.2406 

0.2 

0.1736 

2.2727 

0.2066 

0.0909 

1.2346 

0.22 

0.2057 

2.2477 

0.2445 

0.1088 

1.2281 

0.24 

0.2395 

2.2209 

0.2841 

0.1279 

1.2213 

0.26 

0.2745 

2.1925 

0.3250 

0.1482 

1.2140 

0.28 

0.3104 

2.1626 

0.3667 

0.1696 

1.2064 

0.3 

0.3469 

2.1314 

0.4089 

0.1918 

1.1985 

0.32 

0.3837 

2.0991 

0.4512 

0.2149 

1.1904 

0.34 

0.4206 

2.0657 

0.4933 

0.2388 

1.1822 

0.36 

0.4572 

2.0314 

0.5348 

0.2633 

1.1737 

0.38 

0.4935 

1.9964 

0.5755 

0.2883 

1.1652 

0.4 

0.5290 

1.9608 

0.6151 

0.3137 

1.1566 

0.42 

0.5638 

1.9247 

0.6535 

0.3395 

1.1480 

0.44 

0.5975 

1.8882 

0.6903 

0.3656 

1.1394 

0.46 

0.6301 

1.8515 

0.7254 

0.3918 

1.1308 

0.48 

0.6614 

1.8147 

0.7587 

0.4181 

1.1224 

0.5 

0.6914 

1.7778 

0.7901 

0.4444 

1.1141 

0.52 

0.7199 

1.7409 

0.8196 

0.4708 

1.1059 

0.54 

0.7470 

1.7043 

0.8469 

0.4970 

1.0979 

0.56 

0.7725 

1.6678 

0.8723 

0.5230 

1.0901 

0.58 

0.7965 

1.6316 

0.8955 

0.5489 

1.0826 

0.6 

0.8189 

1.5957 

0.9167 

0.5745 

1.0753 

0.62 

0.8398 

1.5603 

0.9358 

0.5998 

1.0682 

0.64 

0.8592 

1.5253 

0.9530 

0.6248 

1.0615 

0.66 

0.8771 

1.4908 

0.9682 

0.6494 

1.0550 

0.68 

0.8935 

1.4569 

0.9814 

0.6737 

1.0489 

0.7 

0.9085 

1.4235 

0.9929 

0.6975 

1.0431 

0.72 

0.9221 

1.3907 

1.0026 

0.7209 

1.0376 

0.74 

0.9344 

1.3585 

1.0106 

0.7439 

1.0325 

0.76 

0.9455 

1.3270 

1.0171 

0.7665 

1.0278 

0.78 

0.9553 

1.2961 

1.0220 

0.7885 

1.0234 

0.8 

0.9639 

1.2658 

1.0255 

0.8101 

1.0193 

0.82 

0.9715 

1.2362 

1.0276 

0.8313 

1.0157 

0.84 

0.9781 

1.2073 

1.0285 

0.8519 

1.0124 

0.86 

0.9836 

1.1791 

1.0283 

0.8721 

1.0095 

0.88 

0.9883 

1.1515 

1.0269 

0.8918 

1.0070 
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TABLE A-25 ( Cortt .) Frictionless duct flow with heat transfer 
for y = 1.4 


N M 

TJTq 

p/p* 

TIT* p*/p = V/V • 

Po/pS 

0.9 

0.9921 

1.1246 

1.0245 

0.9110 

1.0049 

0.92 

0.9951 

1.0984 

1.0212 

0.9297 

1.0031 

0.94 

0.9973 

1.0728 

1.0170 

0.9480 

1.0017 

0.96 

0.9988 

1.0479 

1.0121 

0.9658 

1.0008 

0.98 

0.9997 

1.0236 

1.0064 

0.9831 

1.0002 

1.0 

1.0000 

1.0000 

1.0000 

1.0000 

1.0000 

1.02 

0.9997 

0.9770 

0.9930 

1.0164 

1.0002 

1.04 

0.9989 

0.9546 

0.9855 

1.0325 

1.0008 

1.06 

0.9977 

0.9327 

0.9776 

1.0480 

1.0017 

1.08 

0.9960 

0.9115 

0.9691 

1.0632 

1.0031 

1.1 

0.9939 

0.8909 

0.9603 

1.0780 

1.0049 

1.12 

0.9915 

0.8708 

0.9512 

1.0923 

1.0070 

1.14 

0.9887 

0.8512 

0.9417 

1.1063 

1.0095 

1.16 

0.9856 

0.8322 

0.9320 

1.1198 

1.0124 

1.18 

0.9823 

0.8137 

0.9220 

1.1330 

1.0157 

1.2 

0.9787 

0.7958 

0.9118 

1.1459 

1.0194 

1.22 

0.9749 

0.7783 

0.9015 

1.1584 

1.0235 

1.24 

0.9709 

0.7613 

0.8911 

1.1705 

1.0279 

1.26 

0.9668 

0.7447 

0.8805 

1.1823 

1.0328 

1.28 

0.9624 

0.7287 

0.8699 

1.1938 

1.0380 

1.3 

0.9580 

0.7130 

0.8592 

1.2050 

1.0437 

1.32 

0.9534 

0.6978 

0.8484 

1.2159 

1.0497 

1.34 

0.9487 

0.6830 

0.8377 

1.2264 

1.0561 

1.36 

0.9440 

0.6686 

0.8269 

1.2367 

1.0629 

1.38 

0.9391 

0.6546 

0.8161 

1.2467 

1.0701 

1.4 

0.9343 

0.6410 

0.8054 

1.2564 

1.0777 

1.42 

0.9293 

0.6278 

0.7947 

1.2659 

1.0856 

1.44 

0.9243 

0.6149 

0.7840 

1.2751 

1.0940 

1.46 

0.9193 

0.6024 

0.7735 

1.2840 

1.1028 

1.48 

0.9143 

0.5902 

0.7629 

1.2927 

1.1120 

1.5 

0.9093 

0.5783 

0.7525 

1.3012 

1.1215 

1.52 

0.9042 

0.5668 

0.7422 

1.3095 

1.1315 

1.54 

0.8992 

0.5555 

0.7319 

1.3175 

1.1419 

1.56 

0.8942 

0.5446 

0.7217 

1.3253 

1.1527 

1.58 

0.8892 

0.5339 

0.7117 

1.3329 

1.1640 

1.6 

0.8842 

0.5236 

0.7017 

1.3403 

1.1756 

1.62 

0.8792 

0.5135 

0.6919 

1.3475 

1.1877 

1.64 

0.8743 

0.5036 

0.6822 

1.3546 

1.2002 

1.66 

0.8694 

0.4940 

0.6726 

1.3614 

1.2131 

1.68 

0.8645 

0.4847 

0.6631 

1.3681 

1.2264 

1.7 

0.8597 

0.4756 

0.6538 

1.3746 

1.2402 

1.72 

0.8549 

0.4668 

0.6445 

1.3809 

1.2545 

1.74 

0.8502 

0.4581 

0.6355 

1.3870 

1.2692 

1.76 

0.8455 

0.4497 

0.6265 

1.3931 

1.2843 

1.78 

0.8409 

0.4415 

0.6176 

1.3989 

1.2999 
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TABLE A-25 ( Cont .) 


n m 

TJT* 

P/p* 

TjT* p*lp = V/V 

Po/P* 

1.8 

0.8363 

0.4335 

0.6089 

1.4046 

1.3159 

1.82 

0.8317 

0.4257 

0.6004 

1.4102 

1.3324 

1.84 

0.8273 

0.4181 

0.5919 

1.4156 

1.3494 

1.86 

0.8228 

0.4107 

0.5836 

1.4209 

1.3669 

1.88 

0.8185 

0.4035 

0.5754 

1.4261 

1.3849 

1.9 

0.8141 

0.3964 

0.5673 

1.4311 

1.4033 

1.92 

0.8099 

0.3895 

0.5594 

1.4360 

1.4222 

1.94 

0.8057 

0.3828 

0.5516 

1.4408 

1.4417 

1.96 

0.8015 

0.3763 

0.5439 

1.4455 

1.4616 

1.98 

0.7974 

0.3699 

0.5364 

1.4501 

1.4821 

2.0 

0.7934 

0.3636 

0.5289 

1.4545 

1.5031 

2.02 

0.7894 

0.3575 

0.5216 

1.4589 

1.5246 

2.04 

0.7855 

0.3516 

0.5144 

1.4632 

1.5467 

2.06 

0.7816 

0.3458 

0.5074 

1.4673 

1.5693 

2.08 

0.7778 

0.3401 

0.5004 

1.4714 

1.5924 

2.1 

0.7741 

0.3345 

0.4936 

1.4753 

1.6162 

2.12 

0.7704 

0.3291 

0.4868 

1.4792 

1.6404 

2.14 

0.7667 

0.3238 

0.4802 

1.4830 

1.6653 

2.16 

0.7631 

0.3186 

0.4737 

1.4867 

1.6908 

2.18 

0.7596 

0.3136 

0.4673 

1.4903 

1.7168 

2.2 

0.7561 

0.3086 

0.4611 

1.4938 

1.7434 

2.22 

0.7527 

0.3038 

0.4549 

1.4973 

1.7707 

2.24 

0.7493 

0.2991 

0.4488 

1.5007 

1.7986 

2.26 

0.7460 

0.2945 

0.4428 

1.5040 

1.8271 

2.28 

0.7428 

0.2899 

0.4370 

1.5072 

1.8562 

2.3 

0.7395 

0.2855 

0.4312 

1.5104 

1.8860 

2.32 

0.7364 

0.2812 

0.4256 

1.5134 

1.9165 

2.34 

0.7333 

0.2769 

0.4200 

1.5165 

1.9476 

2.36 

0.7302 

0.2728 

0.4145 

1.5194 

1.9794 

2.38 

0.7272 

0.2688 

0.4091 

1.5223 

2.0119 

2.4 

0.7242 

0.2648 

0.4038 

1.5252 

2.0451 

2.42 

0.7213 

0.2609 

0.3986 

1.5279 

2.0789 

2.44 

0.7184 

0.2571 

0.3935 

1.5306 

2.1136 

2.46 

0.7156 

0.2534 

0.3885 

1.5333 

2.1489 

2.48 

0.7128 

0.2497 

0.3836 

1.5359 

2.1850 

2.5 

0.7101 

0.2462 

0.3787 

1.5385 

2.2218 

2.52 

0.7074 

0.2427 

0.3739 

1.5410 

2.2594 

2.54 

0.7047 

0.2392 

0.3692 

1.5434 

2.2978 

2.56 

0.7021 

0.2359 

0.3646 

1.5458 

2.3370 

2.58 

0.6995 

0.2326 

0.3601 

1.5482 

2.3770 

2.6 

0.6970 

0.2294 

0.3556 

1.5505 

2.4177 

2.62 

0.6945 

0.2262 

0.3512 

1.5527 

2.4593 

2.64 

0.6921 

0.2231 

0.3469 

1.5549 

2.5018 

2.66 

0.6896 

0.2201 

0.3427 

1.5571 

2.5451 

2.68 

0.6873 

0.2171 

0.3385 

1.5592 

2.5892 
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TABLE A-25 ( Cont .) Frictionless duct flow with heat transfer 
for y = 1.4 


Nm 

To/TS 

p/p* 

TIT* p*/p = V/V* 

Pn/p* 

2.7 

0.6849 

0.2142 

0.3344 

1.5613 

2.6343 

2.72 

0.6826 

0.2113 

0.3304 

1.5634 

2.6802 

2.74 

0.6804 

0.2085 

0.3264 

1.5654 

2.7270 

2.76 

0.6781 

0.2058 

0.3225 

1.5673 

2.7748 

2.78 

0.6760 

0.2030 

0.3186 

1.5693 

2.8235 

2.8 

0.6738 

0.2004 

0.3149 

1.5711 

2.8731 

2.82 

0.6717 

0.1978 

0.3111 

1.5730 

2.9237 

2.84 

0.6696 

0.1953 

0.3075 

1.5748 

2.9752 

2.86 

0.6675 

0.1927 

0.3039 

1.5766 

3.0278 

2.88 

0.6655 

0.1903 

0.3004 

1.5784 

3.0813 

2.9 

0.6635 

0.1879 

0.2969 

1.5801 

3.1359 

2.92 

0.6615 

0.1855 

0.2934 

1.5818 

3.1914 

2.94 

0.6596 

0.1832 

0.2901 

1.5834 

3.2481 

2.96 

0.6577 

0.1809 

0.2868 

1.5851 

3.3058 

z.,98 

0.6558 

0.1787 

0.2835 

1.5867 

3.3646 

3.0 

0.6540 

0.1765 

0.2803 

1.5882 

3.4245 

3.02 

0.6522 

0.1743 

0.2771 

1.5898 

3.4854 

3.04 

0.6504 

0.1722 

0.2740 

1.5913 

3.5476 

3.06 

0.6486 

0.1701 

0.2709 

1.5928 

3.6108 

3.08 

0.6469 

0.1681 

0.2679 

1.5942 

3.6752 

3.1 

0.6452 

0.1660 

0.2650 

1.5957 

3.7408 

3.12 

0.6435 

0.1641 

0.2620 

1.5971 

3.8076 

3.14 

0.6418 

0.1621 

0.2592 

1.5985 

3.8756 

3.16 

0.6402 

0.1602 

0.2563 

1.5998 

3.9449 

3.18 

0.6386 

0.1583 

0.2535 

1.6012 

4.0154 

3.2 

0.6370 

0.1565 

0.2508 

1.6025 

4.0871 

3.22 

0.6354 

0.1547 

0.2481 

1.6038 

4.1602 

3.24 

0.6339 

0.1529 

0.2454 

1.6051 

4.2345 

3.26 

0.6324 

0.1511 

0.2428 

1.6063 

4.3101 

3.28 

0.6309 

0.1494 

0.2402 

1.6076 

4.3871 

3.3 

0.6294 

0.1477 

0.2377 

1.6088 

4.4655 

3.32 

0.6280 

0.1461 

0.2352 

1.6100 

4.5452 

3.34 

0.6265 

0.1444 

0.2327 

1.6111 

4.6263 




APPENDIXES D 785 


TABLE A-25 ( Cont .) 



TJTS 

p/p* 

TIT* p*lp = V/V 

Po/pS 

3.36 

0.6251 

0.1428 

0.2303 

1.6123 

4.7089 

3.38 

0.6237 

0.1412 

0.2279 

1.6134 

4.7929 

3.4 

0.6224 

0.1397 

0.2255 

1.6145 

4.8783 

3.42 

0.6210 

0.1381 

0.2232 

1.6156 

4.%52 

3.44 

0.6197 

0.1366 

0.2209 

1.6167 

5.0536 

3.46 

0.6184 

0.1351 

0.2186 

1.6178 

5.1435 

3.48 

0.6171 

0.1337 

0.2164 

1.6188 

5.2350 

3.5 

0.6158 

0.1322 

0.2142 

1.6198 

5.3280 

3.52 

0.6145 

0.1308 

0.2120 

1.6208 

5.4226 

3.54 

0.6133 

0.1294 

0.2099 

1.6218 

5.5188 

3.56 

0.6121 

0.1280 

0.2078 

1.6228 

5.6167 

3.58 

0.6109 

0.1267 

0.2057 

1.6238 

5.7162 

3.6 

0.6097 

0.1254 

0.2037 

1.6247 

5.8173 

3.62 

0.6085 

0.1241 

0.2017 

1.6257 

5.9201 

3.64 

0.6074 

0.1228 

0.1997 

1.6266 

6.0247 

3.66 

0.6062 

0.1215 

0.1977 

1.6275 

6.1310 

3.68 

0.6051 

0.1202 

0.1958 

1.6284 

6.2390 

3.7 

0.6040 

0.1190 

0.1939 

1.6293 

6.3488 

3.72 

0.6029 

0.1178 

0.1920 

1.6301 

6.4605 

3.74 

0.6018 

0.1166 

0.1902 

1.6310 

6.5739 

3.76 

0.6008 

0.1154 

0.1884 

1.6318 

6.6893 

3.78 

0.5997 

0.1143 

0.1866 

1.6327 

6.8065 

3.8 

0.5987 

0.1131 

0.1848 

1.6335 

6.9256 

3.82 

0.5977 

0.1120 

0.1830 

1.6343 

7.0466 

3.84 

0.5967 

0.1109 

0.1813 

1.6351 

7.16% 

3.86 

0.5957 

0.1098 

0.17% 

1.6359 

7.2945 

3.88 

0.5947 

0.1087 

0.1779 

1.6366 

7.4215 

3.9 

0.5937 

0.1077 

0.1763 

1.6374 

7.5505 

3.92 

0.5928 

0.1066 

0.1746 

1.6381 

7.6816 

3.94 

0.5918 

0.1056 

0.1730 

1.6389 

7.8147 

3.96 

0.5909 

0.1046 

0.1714 

1.63% 

7.9499 

3.98 

0.5900 

0.1036 

0.1699 

1.6403 

8.0873 

4.0 

0.5891 

0.1026 

0.1683 

1.6410 

8.2269 




INDEX 


Note: Numbers following index en¬ 
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not page numbers. 


Abrupt waves, 15.16 

Absolute pressure, 2.12 to 2.15, 2.22, 
2.23, 2.38 to 2.40, 2.42 to 2.44, 

2.70, 2.85, 2.91, Tables A-7 
and A-8 

Absolute viscosity (m), 1.65, 1.66, 

1.68, 1.72, 1.96, 1.97, 9.40, 
9.102, 9.160, 18.33, 24.58, Fig. 
A-l, Tables A-l to A-8 

Acceleration: 

convective, 7.10, 7.17, 7.21 
force and, 1.1 to 1.4, 1.6, 1.7, 1.12 
to 1.15 

normal, 7.11, 7.79 
tangential, 7.11 

velocity and, 7.8 to 7.15, 7.17 to 
7.22 

Adiabatic compression of gases, 1.47, 
16.51 

Adiabatic expansion of gases, 16.41 
to 16.44 

Adiabatic flow of gases, 16.95, 

16.106, 16.113, 16.114, 16.118, 
16.120, 16.221 

Adiabatic frictional duct flow of 
gases, Table A-24 

Air, physical properties of. Tables 
A-4 to A-8 

Air blowers, 20.25, 20.26, 20.64, 
20.65, 20.67 

Air compressors, 20.66, 23.37, 23.38 

Air pumps, 20.74 

Air resistance, 24.20 to 24.23 

Aircraft: 

angle of attack for, 24.73 to 24.76, 
24.78, 24.79, 24.88, 24.90 
glider, 24.86 

jet, 23.46, 23.48 to 23.51, 24.69 
landing speed of, 24.81 
stall speed of, 24.81, 24.89 
takeoff speed of, 24.89 
wings of, 24.43, 24.44, 24.73 to 
24.76, 24.78, 24.79, 24.81 to 
24.83, 24.85, 24.86, 24.88, 
24.90 

Airfoils, 24.83, 24.86, Figs. A-66 to 
A-70 

Angle of attack, 24.73 to 24.76, 

24.78, 24.79, 24.88, 24.90 


Angle of glide, 24.86 
Atmospheric pressure, 1.127 to 1.130, 
2.4, 2.5, 2.10, 2.12 to 2.14, 

2.70, 2.90, 2.91, Tables A-7 
and A-8 


Barometric pressure, 2.4, 2.22, 2.23 
Bending moments, 24.2, 24.6, 24.9, 
24.35, 24.47, 24.53, 24.54 
Bernoulli equation, 8.50 to 8.53, 8.61 
to 8.63, 8.65 to 8.84, 8.86 to 
8.106, 8.108 to 8.132, 8.135 to 
8.151, 9.295, 14.81, 14.151 to 
14.155, 14.258 
Binomial theorem, 16.18 
Blasius equation, 9.44 
Blowers, air, 20.25, 20.26, 20.64, 
20.65, 20.67 

Boiling temperature of water, 1.127 
to 1.131 

Borda tubes, 17.52, 17.56 
Bores, 14.351, 14.375, 14.376 
Brinkman number ( Ng ), 18.1 
Bubbles, 18.4 

Buckingham pi theorem, 18.50 to 
18.58, 18.61 to 18.66 
Bulk modulus of elasticity (A), 1.25 
to 1.35, 1.47, 16.61, 16.63, 
16.64, Tables A-l and A-2 
Buoyancy and flotation: 

buoyant force, 6.1 to 6.11, 6.15, 
6.17, 6.19 to 6.22, 6.24, 6.28, 
6.30 to 6.54, 6.56 to 6.60, 6.62 
to 6.70, 6.72, 6.73, 6.75, 18.69, 
24.15 

center of buoyancy (c.b.), 6.65 to 

6.69, 6.72, 6.73, 6.75 to 6.77 
equilibrium: 

stable, 6.65, 6.67, 6.71, 6.73 to 
6.77 

static, 6.54, 6.59, 6.64 
unstable, 6.66, 6.68, 6.69 
hydrometers, 6.12, 6.25 to 
6.27, 6.43, 6.55 
metacenter (me), 6.65 to 6.72, 
6.75 to 6.77 

neutral buoyancy, 6.34, 6.39 
righting moments, 6.65, 6.67, 

6.70, 6.72 

Buoyant force, 6.1 to 6.11, 6.15, 6.17, 
6.19 to 6.22, 6.24, 6.28, 6.30 to 
6.54, 6.56 to 6.60, 6.62 to 6.70, 
6.72, 6.73, 6.75, 18.69, 24.15 


Capillary-height changes, 1.102, 
1.104,1.106,1.111,1.112, 
1.115, 1.116, 1.124, 1.126, 

18.51, 18.58 

Cavitation, 1.132, 8.100, 8.118, 

9.290, 20.9, 20.10, 20.43, 

20.44, 20.47, 20.59 
Cavitation index (<r), 20.27, 20.36 

to 20.39,21.25 to 21.28 
Center of buoyancy (c.b.), 6.65 to 

6.69, 6.72, 6.73, 6.75 to 6.77 
Center of gravity (c.g.): 
annular disk, 3.58 
buoyancy and, 6.65 to 6.77 
circle, 3.4, 3.5, 3.13, 3.32, 3.33, 

3.44, 3.45, 3.50, 3.64 
parabola, 3.43 

rectangle, 3.7, 3.8, 3.11, 3.12, 

3.17, 3.18, 3.20, 3.21, 3.23 to 
3.25, 3.27, 3.29 to 3.31, 3.34, 
3.37, 3.39, 3.41, 3.42, 3.47 to 
3.49, 3.51 to 3.55, 3.60 to 3.63 
trapezoid, 3.22 

triangle, 3.1 to 3.3, 3.9, 3.10, 3.14, 

3.15, 3.19, 3.26, 3.35, 3.38, 
3.40, 3.55, 3.56 

Center of pressure (c.p.): 
annular disk, 3.58 
circle, 3.4, 3.5, 3.13, 3.32, 3.33, 

3.44, 3.45, 3.50, 3.55, 3.56, 

3.64 

dam, 3.6, 3.34 

gate, 3.7 to 3.15, 3.17, 3.20, 3.21, 
3.23, 3.26, 3.30 to 3.33, 3.35, 
3.39, 3.44 to 3.47, 3.49, 3.54 to 
3.56, 3.60, 3.64 
parabola, 3.43, 3.57 
rectangle, 3.6 to 3.8, 3.11, 3.12, 

3.16, 3.17, 3.20, 3.21, 3.23, 

3.27 to 3.31, 3.39, 3.46 to 3.49, 

3.51, 3.54, 3.55, 3.59, 3.60 
tank, 3.16, 3.19, 3.29, 3.48 
triangle, 3.1 to 3.3, 3.9, 3.10, 3.14, 

3.15, 3.19, 3.26, 3.35, 3.38, 

3.40 

trough, 3.40 

Centerline velocity, 9.104, 9.119, 
9.125, 9.126, 9.156 
Centrifugal pumps, 18.7 
Channel flow (see Open-channel 
flow) 

Cipolletti weirs, 17.179, 17.185, 
17.186, 17.196, 17.210 
Clark Y airfoil, 24.83, 24.86, Fig. 
A-67 
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Coefficients: 

compressibility (IS), 1.30 
discharge (Q), 8.84, 8.90 
drag (C 0 ), Figs. A-38, A-39, A-50 
to A-67, A-70, and A-71, Ta¬ 
bles A-20 to A-23 
lift (Ci), Figs. A-66, A-67, A-70, 
and A-71 

loss (K), Figs. A-7 to A-12, Tables 
A-l 1 and A-12 

thermal expansion (a), 1.21 to 
1.24 

thrust, 20.77 

Colebrook equation, 9.73, 9.74, 9.259 
Compressibility, coefficient ([<7£>]) of, 
1.30 

Compression of gases: 
adiabatic, 1.47, 16.51 
isentropic, 1.55, 1.62, 16.6 to 16.8, 
16.10, 16.21, 16.32, 16.46, 

16.47 

isothermal, 1.47, 1.54, 1.55, 1.63, 
16.52 

Compressors, air, 20.66, 23.37, 23.38 
Computer programs: 
depth of flow: 

open circular section, 14.17 to 
14.19 

open rectangular channel, 14.7 
to 14.9 
flow rates: 

branching pipeline system, 
12.10 

individual pipe, 9.295 to 
9.297, 20.82 

open circular section, 14.17 
to 14.19 

pipe network, 13.28 to 13.32 
pipes in parallel, 11.12 
head loss in pipes in parallel, 
11.12 

homologous pump characteris¬ 
tics, 20.17 

hydraulic jumps in open trape¬ 
zoidal channels, 14.346 
isentropic flow of compressible 
fluids, 16.92 to 16.94 
isothermal flow of compressible 
fluids, 16.71 to 16.73 
pipe flow transients, 19.7, 19.9 
pipe size, 9.295 to 9.297, 20.82 
reservoir drainage using short 
pipes, 17.57 

Runge-Kutta integration, 19.4, 
19.23, 19.24 

surge-tank transients, 19.24 
U-tube oscillations, 19.4, 19.21, 
19.23 

water-hammer transients, 19.9 
water-surface profiles: 


nonuniform flow in open rect¬ 
angular channels, 14.267 to 
14.269 

steady state flow in open rect¬ 
angular, trapezoidal, or tri¬ 
angular channels, 14.278, 
14.279 

Continuity of flow, 7.23 to 7.39, 
14.151, 25.1, 25.3 to 25.6, 

25.8, 25.13, 25.16 
Convective acceleration, 7.10, 7.17, 
7.21 

Convergent nozzles, 7.6, 7.9, 8.15, 
16.124 to 16.129, 16.132, 
16.133, 16.135, 16.136, 16.139, 
16.140, 16.143, 16.151, 16.152, 
16.154, 16.155, 16.162, 16.164, 
16.179, 16.180, 16.222 
Converging-diverging nozzles, 16.130, 
16.131, 16.134, 16.137 to 
16.142, 16.144, 16.153, 16.156, 
16.158, 16.161, 16.163, 16.167, 
16.178, 16.181, 16.182 
Critical-depth meters, 14.274, 17.241 
Critical-flow meters, 14.398, 14.399 
Critical Reynolds number (Nj$, 9.55, 
14.116, 24.15, 24.16 
Culverts, 14.359 to 14.365 
Curvature of water surface, 1.107, 
1.108 


Damping torque, 1.74, 1.75 

Dams: 

center of pressure (c.p.) of, 3.6, 
3.34 

eccentricity of, 4.2 to 4.7 
factor of safety (F.S.) for: 

against overturning, 4.1, 4.5 to 
4.7 

against sliding, 4.1,4.5 to 4.7 
force on, 3.6, 3.44, 4.1 to 4.8, 5.11 
ice thrust on, 4.8 
pressure on, 2.1, 4.2, 4.3, 4.5 to 
4.7 

Darcy formula, 18.10 

Darcy-Weisbach equation, 9.78, 

9.261, 9.264 

Density, mass (p), 1.1, 1.3, 1.5, 

1.8, 1.10, 1.11, 1.16, 1.18, 1.19, 
1.36, 1.38, 1.42, 1.44 to 1.46, 
1.56, 1.61,2.6, 2.7, 2.89, 8.5, 
8.23, 8.41, 16.2, 25.5, Tables 
A-l to A-8 

Differential manometers, 2.50 to 
2.52, 2.58 to 2.66, 2.71, 2.72, 
2.75 to 2.78, 2.85 to 2.87, 2.92, 
2.96, 8.81, 8.84, 8.85, 8.90, 
8.92, 8.96, 8.97, 8.119, 8.120, 
9.205, 17.10, 17.16, 17.33, 
17.42, 17.58, 17.70 to 17.72, 


17.84, 17.117, 17.132, 17.135, 
17.142, 17.144, 17.145, 17.147 
to 17.151, 17.156, 17.159 to 
17.165, 17.173, 17.174, 20.24 
Diffusers, 7.64, 9.244, 16.170, 

16.203, 16.204, Fig. A-31 
Dimensional analysis, 1.103, 1.133 to 
1.138, 7.37, 18.1 to 18.4, 18.8 
to 18.10, 18.50 to 18.58, 18.60 
to 18.71, 18.76 

Discharge (see Volume flow rate) 
Discharge coefficient (Q), 8.84, 8.90 
Disk meters, 17.237, 17.238 
Drag: 

coefficients (C D ) of, Figs. A-38, 
A-39, A-50 to A-67, A-70, and 
A-71, Tables A-20 to A-23 
on cylinders, 24.25, 24.72 
on flat plates, 24.3, 24.4, 24.7, 

24.8, 24.10, 24.11, 24.29 to 
24.34, 24.41, 24.42, 24.45, 
24.56, 24.77, 24.83 
friction, 24.4, 24.11 to 24.14, 
24.32 to 24.34, 24.43 to 24.46 
induced, 24.85, Fig. A-69 
on keels, 24.62, 24.63, 24.66 
on nets, 24.49 
pressure, 24.67 

on projectiles, 24.27, 24.28, 24.55 
skin, 24.62 to 24.66 
on spheres, 1.135, 24.1, 24.5, 

24.15, 24.24, 24.52, 24.59 to 
24.61,24.69 

viscous, 24.37, 24.38 
Dropdown in open-channel flow, 
14.326 

Drops of liquids, 1.101, 1.103 
Duct flow of compressible fluids, 

16.192, 16.193, 16.197, 16.199, 
16.202, 16.205, 16.207 to 
16.239, Tables A-10, A-24, 
and A-25 

Dynamic similarity, 18.11, 18.14, 

18.16, 18.18, 18.21, 18.25, 
18.28 to 18.30, 18.44, 18.46 to 
18.48, 20.63 


Eccentricity of dams, 4.2 to 4.7 
Efficiency (v): 

propeller, 23.64 

pump, 20.5, 20.11 to 20.13, 20.29, 
20.32 to 20.35, 20.40, 20.51 to 
20.53, 20.56, 20.63, 20.70, 
20.72, 20.84, Figs. A-40 and 
A-41 

turbine, 21.10 to 21.13, 21.20, 
21.21, 21.29, 21.57, 21.64, 

Figs. A-44 to A-46 and A-48 
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Elasticity, bulk modulus (K) of, 1.25 
to 1.35, 1.47, 16.61, 16.63, 
16.64, Tables A-l and A-2 
Energy: 

internal, 16.5, 16.6, 16.50 
kinetic, 8.57 to 8.59 
potential, 8.55, 8.56, 8.58, 8.59 
specific, 14.129, 14.189, 14.219, 
14.225, 14.252, 14.253, 14.255, 
14.257, 14.276, 14.349, 14.350, 
14.352, 14.353, 14.382 
Energy grade lines, 14.276, 14.279, 
14.284, 22.1 to 22.8, 22.10 
Energy heads, 9.235 
Enthalpy ( h ), 16.5 to 16.7, 16.9, 
16.20, 16.30, 16.39, 16.100 
Entropy (s), 16.23, 16.31, 16.39, 
16.45, 16.48, 16.193, 16.195 
Equilibrium: 

stable, 6.65, 6.67, 6.71, 6.73 to 
6.77 

static, 6.54, 6.59, 6.64 
unstable, 6.66, 6.68, 6.69 
Equivalent source method for flow, 

25.18 to 25.20 
Euler equation, 16.96 
Expansion of gases: 

adiabatic, 16.41 to 16.44 
isentropic, 1.64 
isothermal, 1.64 


Factor of safety (F.S.) for dams: 
against overturning, 4.1, 4.5 to 4.7 
against sliding, 4.1, 4.5 to 4.7 
Fans, 21.56, 23.62, 23.63, 24.92 
Filters, 24.50, 24.51 
First law of thermodynamics, 16.23, 
16.177, 16.237 
Flood routing, 15.1 to 15.16 
Floodways, 14.58, 14.59, 14.210 
Flotation (see Buoyancy and flota¬ 
tion) 

Flow: 

Bernoulli equation for, 8.50 to 
8.53, 8.61 to 8.63, 8.65 to 8.84, 
8.86 to 8.106, 8.108 to 8.132, 
8.135 to 8.151, 9.295, 14.81, 
14.151 to 14.155, 14.258 
conservation of mass in, 7.23 
continuity of, 7.23 to 7.39, 14.151, 
25.1, 25.3 to 25.6, 25.8, 25.13, 
25.16 

converging, 7.21 
in corners, 25.4 
duct, of compressible fluids, 

16.192, 16.193, 16.197, 16.199, 
16.202, 16.205, 16.207 to 
16.239, Tables A-10, A-24, 
and A-25 


equivalent source method for, 

25.18 to 25.20 

friction factor (/) for, 9.43, 9.44, 
9.48, 9.73, 9.74, 9.149, 9.183, 
9.258, 9.259, 14.115, 14.142, 
14.199, 14.212, 14.237 
Froude number (Np) for, 14.24, 
14.47, 14.80, 14.81, 14.151, 
14.182, 14.195, 14.222, 14.281, 
14.345, 14.381, 14.386 to 
14.388, 18.23, 18.36, 18.42 to 
18.44 
gas: 

adiabatic, 16.95, 16.106, 

16.113, 16.114, 16.118, 
16.120, 16.221 
isentropic, 16.88 to 16.94, 

16.96 to 16.105, 16.107 to 
16.111, 16.116, 16.117, 
16.119, 16.121 to 16.123, 
16.170 to 16.173 isother¬ 
mal, 16.67 to 16.87, 16.237 
incompressible, 7.21, 7.23 to 
7.32, 7.36, 7.37, 7.39 to 
7.41, 7.66, 7.74, 8.27, 9.12, 

9.14, 9.157, 9.282 
irrotational, 7.41, 7.42, 7.45, 

7.46, 25.2 to 25.4 
laminar, 1.133, 7.35, 7.36, 
7.49,7.61,8.28, 8.36, 9.2, 
9.6, 9.8, 9.9, 9.13,9.16, 

9.18 to 9.20, 9.22 to 9.26, 
9.33,9.35, 9.40,9.41,9.49 
to 9.53, 9.57 to 9.60, 9.94, 
9.99,9.100,9.115, 9.156, 
9.157, 9.160, 9.162, 9.163, 
9.190, 9.191, 9.223, 9.229, 
9.235, 9.280, 14.115 to 
14.118, 14.156, 14.201 to 
14.203 

measurement of (see Flow mea¬ 
surement) 

open-channel (see Open- 
channel flow) 
parabolic profile of, 1.69, 

1.133, 7.49, 8.28, 8.36, 

9.156 

pathlines of, 7.80 
pipe (see Pipe networks; Pipe¬ 
line systems; Pipes) 
potential function for, 25.4, 

25.14, 25.17 

Reynolds number (Np) for (see 
Reynolds number) 
rotational, 7.41, 25.2, 25.3, 
25.9,25.13 
shear, 7.33, 7.34 
shooting, 14.223 
sonic, 16.4 
spillway, 8.103 


steady (steady-state), 7.13, 
7.36, 7.39, 7.40, 7.62, 7.63, 
8.27, 9.6, 14.201, 14.202 
streamlines of, 7.6, 7.21, 7.67 
to 7.78, 25.4, 25.6 to 25.9, 

25.11, 25.13 to 25.19 
subcritical, 8.104, 8.105, 14.24, 

14.47, 14.66, 14.73, 14.74, 
14.80, 14.81, 14.82, 14.86, 
14.119, 14.130, 14.134, 
14.136, 14.141, 14.151, 
14.152, 14.184, 14.252, 
14.253, 14.255, 14.265, 
14.266, 14.284, 14.301 to 
14.303, 14.351, 14.392, Fig. 
A-19 

subsonic, 16.3 
supercritical, 8.104, 8.105, 
14.80, 14.81, 14.85, 14.134, 
14.136, 14.141, 14.145, 
14.151, 14.153, 14.186, 
14.187, 14.254, 14.255, 
14.266, 14.284, 14.301, 
14.302, 14.374, 14.392, Fig. 
A-19 

tranquil, 14.232 to 14.234 
transient (see Unsteady flow) 
turbulent, 9.1, 9.5, 9.8, 9.10, 

9.11, 9.13, 9.19, 9.21, 9.79, 
9.114, 9.136, 9.180, 9.224, 
9.225, 9.230, 9.236, 9.282, 
9.283, 14.212 

unsteady (see Unsteady flow) 
vortex, 7.29, 25.2, 25.3, 25.9, 
25.13 

Flow measurement: 

Borda tube, 17.52, 17.56 
critical-depth meter, 14.274, 
17.241 

critical-flow meter, 14.398, 14.399 
disk meter, 17.237, 17.238 
diverging tube, 17.47 to 17.51 
flow nozzle, 8.84, 8.85, 17.58 to 
17.76, Figs. A-20 to A-24, 
A-34, Table A-18 
manometer (see Manometers) 
orifice, 17.77 to 17.140, 18.8, 
19.35, 19.36, Figs. A-24 to 
A-29, A-33, Table A-19 
orifice nozzle, 17.45, 17.46 
Parshall flume, 17.229 to 17.234 
piezometer, 2.26, 2.27, 2.29, 2.30, 
2.94, 17.3, 17.4, 17.12, 17.14, 

17.15, 17.30 to 17.32 
Pitot measuring device, 17.3 to 
17.6, 17,13 to 17.24, 17.27, 
17.29 to 17.36, 17.39, 17.40, 
17.42 to 17.44, 17.87, 17.90, 
17.117 

Prandtl tube, 17.16, 17.35 
pressure gages and, 17.9 to 17.11 
short tube, 17.53 to 17.55, 17.57 



790 0 INDEX 


sluice gate, 17.235, 17.236, 23.13, 
23.14 

Venturi meter, 8.90 to 8.93, 8.119, 
8.120, 17.67, 17.141 to 17.169, 
17.174, 18.5, 18.25, Figs. A-24, 
A-26, A-30, A-32, A-34, and 
A-35, Table A-18 
Venturi nozzle, 17.170 to 17.173, 
Figs. A-26 and A-36 
weir, 14.258, 14.259, 14.263, 
14.284, 14.397, 17.175 to 
17.228, 18.56, 18.63, 18.75, 

Fig. A-37 

Flow nets, 25.4, 25.15 to 25.19 
Flow nozzles, 8.84, 8.85, 17.58 to 
17.76, Figs. A-20 to A-24, 
A-34, Table A-18 
Flow rate: 

computer programs for: 
branching pipeline system, 

12.10 

individual pipe, 9.295 to 9.297, 
20.82 

open circular section, 14.17 to 
14.19 

pipe network, 13.28 to 13.32 
pipes in parallel, 11.12 
mass, 7.48 to 7.50, 8.1, 8.2, 

8.4, 8.5, 8.10, 8.26, 8.38, 

8.40, 8.46, 8.83, 9.25, 9.76, 
16.143, 16.146, 16.151 to 
16.156, 16.159, 16.162, 
16.164, 16.165, 16.179 to 
16.182, 16.222, 16.225, 
16.227, 16.234, 16.239, 
23.24, 23.54 

volume (see Volume flow rate) 
weight, 8.1, 8.2, 8.4, 8.18, 8.20, 
8.33, 8.39,8.112, 9.174, 
16.124 to 16.133, 16,137, 
16.139, 16.140, 16.184, 
16.185 

Flumes: 

Parshall, 17.229 to 17.234 
rectangular, 14.32, 14.33, 14.47, 
14.86, 14.111, 14.134, 14.136, 
14.238, 14.256, 14.260, 14.263, 
14.290 to 14.294, 14.310 to 
14.312 

triangular, 14.85, 14.127, 14.352 
Venturi, 8.86, 14.328 to 14.331 
Force: 

acceleration and, 1.1 to 1.4, 1.6, 
1.7, 1.12 to 1.15 
buoyant, 6.1 to 6.11, 6.15, 6.17, 
6.19 to 6.22, 6.24, 6.28, 6.30 to 

6.54, 6.56 to 6.60, 6.62 to 6.70, 
6.72, 6.73,6.75, 18.69, 24.15 
on dams, 3.6, 3.44, 4.1 to 4.8, 5.11 
drag (see Drag) 
on fans, 23.62, 23.63 


on gates, 3.7 to 3.15, 3.17, 3.20, 

3.21, 3.23, 3.26, 3.30 to 3.33, 

3.35, 3.39, 3.44 to 3.47, 3.49, 
3.54 to 3.56, 3.64, 5.3, 5.13, 

5.14, 5.27, 5.30, 5.33 to 5.35, 

5.40, 5.47 

jet, 23.1 to 23.6, 23.8 to 23.12, 
23.16 to 23.24, 23.26 to 23.34, 

23.43, 23.44, 23.57 to 23.60 
lift, 24.80 to 24.92 
on nozzles, 23.57, 23.59 
on pipe bends, 23.35 to 23.40, 
23.42 

on pipe reducers, 23.41, 23.42 
on sluice gates, 23.13, 23.14 
on submerged curved areas: 
circular, 5.1 to 5.5, 5.12 to 

5.15, 5.26 to 5.28, 5.40, 

5.43, 5.44 

conical, 5.10, 5.20, 5.29, 5.46 
cylindrical, 5.6 to 5.9, 5.18, 

5.19, 5.22 to 5.25, 5.31 to 
5.33, 5.38, 5.48 to 5.52, 

5.54 

elliptical, 5.41 

parabolic, 5.11, 5.30, 5.34 to 

5.36, 5.42, 5.47 
spherical, 5.16, 5.17, 5.21, 

5.37, 5.39, 5.45, 5.53, 5.55 
on submerged plane areas: 

annular disk, 3.58 
circular, 3.13, 3.32, 3.33, 3.44, 
3.45, 3.50, 3.64 
parabolic, 3.43, 3.57 
rectangular, 3.6 to 3.8, 3.11, 
3.12, 3.16 to 3.18, 3.20, 

3.21, 3.23 to 3.25, 3.27 to 
3.31, 3.34, 3.36, 3.37, 3.39, 
3.41,3.42, 3.46 to 3.49, 

3.51 to 3.55, 3.61 to 3.63 
trapezoidal, 3.22 
triangular, 3.9, 3.10, 3.14, 3.15, 

3.19, 3.26, 3.35, 3.38, 3.40, 

3.55, 3.56 

on tanks, 3.16, 3.19, 3.29, 3.48, 
5.1, 5.2, 5.8, 5.9, 5.15, 5.22, 
5.26, 5.29, 5.31, 5.38, 5.41 to 
5.46, 5.49, 5.51, 5.54, 5.55 
tensile, 23.5, 23.7, 23.20 
thrust, 23.15, 23.45 to 23.52, 

23.55, 23.63, 23.64 
Francis formula, 17.191 
Francis turbines, 21.23, 21.25 to 

21.27, 21.29, 21.33, 21.36, 

21.41.21.47.21.51.21.55, 

Fig. A-47 

Free-fall (terminal) velocity, 18.12, 

18.13,24.15, 24.19,24.57, 

24.61 

Free overfall in open-channel flow, 
14.326 


Friction drag, 24.4, 24.11 to 24.14, 
24.32 to 24.34, 24.43 to 24.46 
Friction factor (J) for flow, 9.43, 

9.44, 9.48, 9.73, 9.74, 9.149, 
9.183, 9.258, 9.259, 14.115, 
14.142, 14.199, 14.212, 14.237 
Friction heads, 9.223 to 9.225 
Frictional adiabatic duct flow of 
gases, Table A-24 
Frictional resistance, 1.89 
Frictionless duct flow of gases, 

Table A-25 

Froude number (Np), 14.24, 14.47, 
14.80, 14.81, 14.151, 14.182, 
14.195, 14.222, 14.281, 14.345, 
14.381, 14.386 to 14.388, 
18.23, 18.36, 18.42 to 18.44 
Froude scaling, 18.34, 18.35, 18.49 


Gage pressure, 2.12 to 2.14, 2.22, 
2.23, 2.28, 2.29, 2.31, 2.39, 

2.40, 2.53, 2.55, 2.67, 2.69, 
2.91,9.84,9.204,9.208, 17.9 
to 17.11 

Gas constants, 1.39, 1.46, 1.57, 1.58, 
Table A-6 

Gases: 

adiabatic compression of, 1.47, 
16.51 

adiabatic expansion of, 16.41 to 
16.44 

adiabatic flow of, 16.95, 16.106, 
16.113, 16.114, 16.118, 16.120, 
16.221 

adiabatic frictional duct flow of, 
Table A-24 

frictionless duct flow of, 

Table A-25 

ideal, 1.36 to 1.64, 1.134, 8.25, 
8.34 

isentropic compression of, 1.55, 
1.62, 16.6 to 16.8, 16.10, 

16.21, 16.32, 16.46, 16.47 
isentropic expansion of, 1.64 
isentropic flow of, 16.88 to 16.94, 

16.96 to 16.105, 16.107 to 
16.111, 16.116, 16.117, 16.119, 
16.121 to 16.123, 16.170 to 
16.173 

isothermal compression of, 1.47, 
1.54, 1.55, 1.63, 16.52 
isothermal expansion of, 1.64 
isothermal flow of, 16.67 to 16.87, 
16.237 

mean free path ( L ) of, 1.134 
perfect, 18.71, Fig. A-72, 

Tables A-16 and A-17 
physical properties of, Table A-6 
reversible polytronic processes for, 

16.22, 16.33 to 16.35 
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specific heats of (see Specific 
heats) 

universal gas constant ( R u ) for, 

I. 39 

Gates: 

center of pressure (c.p.) of, 3.7 to 

3.15, 3.17, 3.20, 3.21, 3.23, 
3.26, 3.30 to 3.33, 3.35, 3.39, 
3.44 to 3.47, 3.49, 3.54 to 3.56, 
3.60, 3.64 

force on, 3.7 to 3.15, 3.17, 3.20, 
3.21, 3.23, 3.26, 3.30 to 3.33, 
3.35, 3.39, 3.44 to 3.47, 3.49, 
3.54 to 3.56, 3.64, 5.3, 5.13, 
5.14, 5.27, 5.30, 5.33 to 5.35, 
5.40, 5.47 

sluice, 17.235, 17.236, 23.13, 

23.14 

Tainter, 5.40 

Generators, 21.17, 21.22, 21.35 to 
21.38, 21.51 

Geometrical similarity, 18.5 to 18.7, 
18.24, 18.66, 20.75 
Gliders, 24.86 
Grade lines: 

energy, 22.1 to 22.8, 22.10 
hydraulic, 9.152, 11.15, 11.31, 

II. 33, 19.8, 19.9, 22.1 to 22.3, 
22.5 to 22.13 

Gravity, 1.12 to 1.15 

center of (see Center of gravity) 
specific (s.g.), 1.1, 1.3, 1.8, 1.10, 

1.16, 1.19, 2.7, 2.17, 2.49,2.63, 
6.1,6.11,6.16,6.42,6.77, 
Table A-3 

Gravity waves, 15.13 to 15.15 


Hardy Cross method, 13.1 to 13.8, 
13.10, 13.11, 13.13, 13.16 to 
13.19, 13.21, 13.24, 13.26 to 
13.32 

Hazen-Williams equation, 1.138, 
9.263, 9.266, 9.267, 9.269, 
9.271 to 9.276, 9.292, 9.293, 
13.1 to 13.8, Figs. A-13, A-14, 
and A-17, Table A-14 

Heads: 

friction, 9.223 to 9.225 
pressure, 2.3, 2.19, 2.24, 2.25, 
2.88, 8.51, 8.52, 8.54 to 8.56, 
8.121, 8.123, 8.124, 9.194, 
9.231, 9.286, 10.19, 10.20, 
13.9, 13.12 

total energy, 8.61 to 8.64, 9.235 
velocity, 8.71, 8.93, 8.95, 8.112 to 
8.114, 8.138 to 8.142, 8.144, 
8.145,8.148 

Homologous hydraulic machines, 
18.6, 18.7 


Homologous pumps, 20.15 to 20.19, 
20.34 

Homologous turbines, 21.24 
Hooke’s law, 23.18 
Hydraulic elements of circular sec¬ 
tions, Fig. A-18 

Hydraulic grade lines, 9.152, 11.15, 
11.31, 11.33, 19.8, 19.9, 22.1 
to 22.3, 22.5 to 22.13 
Hydraulic jacks, 2.32 
Hydraulic jumps, 14.82, 14.86, 
14.284, 14.341 to 14.355, 
14.366 to 14.395, 14.400, 

18.77, 18.78 

Hydraulic radius, 9.27 to 9.29, 14.31, 
14.106, 14.115, Fig. A-18 
Hydraulically smooth pipes, 9.179 
Hydrodynamics, 25.1 to 25.20 
Hydrofoils, 24.31 to 24.34, 24.41, 
24.42, 24.87, 24.91 
Hydrographs, 15.4 to 15.7, 15.11, 
15.12 

Hydrometers, 6.12, 6.25 to 6.27, 

6.43, 6.55 

Hypodermic needles, 9.60 to 9.62 


ICAO standard atmosphere, 

Tables A-7 and A-8 
Ice thrust on dams, 4.8 
Ideal gases, 1.36 to 1.64, 1.134, 8.25, 
8.34 

Inclined manometers, 2.74, 2.80 
Incompressible flow, 7.21, 7.23 to 
7.32, 7.36, 7.37, 7.39 to 7.41, 
7.66,7.74,8.27, 9.12, 9.14, 

9.157, 9.282 

Induced drag, 24.85, Fig. A-69 
Internal energy, 16.5, 16.6, 16.50 
Irrotational flow, 7.41, 7.42, 7.45, 

7.46, 25.2 to 25.4 

ISA flow nozzles, 17.58, 17.62, 17.63, 
17.71, 17.72, 17.76, Figs. A-20 
and A-22 

Isentropic compression of gases, 1.55, 
1.62, 16.6 to 16.8, 16.10, 

16.21, 16.32, 16.46, 16.47 
Isentropic diffusers, 16.170 
Isentropic expansion of gases, 1.64 
Isentropic flow of gases, 16.88 to 

16.94, 16.96 to 16.105, 16.107 
to 16.111, 16.116, 16.117, 
16.119, 16.121 to 16.123, 
16.170 to 16.173 

Isentropic relations for perfect gases, 
Table A-16 

Isothermal compression of gases, 

1.47, 1.54, 1.55, 1.63, 16.52 
Isothermal expansion of gases, 1.64 
Isothermal flow of gases, 16.67 to 

16.87, 16.237 


Jacks, hydraulic, 2.32 
Jet aircraft, 23.46, 23.48 to 23.51, 
24.69 

Jet force in fluids, 23.1 to 23.6, 23.8 
to 23.12, 23.16 to 23.24, 23.26 
to 23.34, 23.43, 23.44, 23.57 to 
23.60 


Kinematic viscosity (v), 1.65, 1.66, 
9.52, 18.33, 18.43, Fig. A-2, 
Tables A-l, A-2, and A-4 
Kinetic energy, 8.57 to 8.59 
Kinetic-energy correction factor 
(«), 7.63 

Kutter formula, 14.240, 14.241, 
Table A-15 


Laminar flow, 1.133, 7.35, 7.36, 7.49, 
7.61,8.28,8.36,9.2, 9.6, 9.8, 
9.9, 9.13, 9.16, 9.18 to 9.20, 
9.22 to 9.26, 9.33, 9.35, 9.40, 
9.41,9.49 to 9.53, 9.57 to 9.60, 
9.94, 9.99,9.100, 9.115,9.156, 

9.157, 9.160,9.162,9.163, 
9.190, 9.191, 9.223, 9.229, 
9.235, 9.280, 14.115 to 14.118, 
14.156, 14.201 to 14.203 
Landing speed, 24.81 
Lawn sprinklers, 7.58, 7.60, 8.107, 
21.48, 21.49, 23.44 
Least squares Fit, 17.217 
Lift coefficients (C L ), Figs. A-66, 
A-67, A-70, and A-71 
Lift force, 24.80 to 24.92 
Line doublets, 7.71 
Loss coefficients ( K ), Figs. A-7 to 
A-12, Tables A-ll and A-12 


Mach angle (a), 16.56 to 16.58, 
16.190 

Mach number (N M ), 16.3, 16.4, 
16.36, 16.37, 16.56 to 16.59, 
16.65, 16.102, 16.105, 16.112, 
16.118 to 16.123, 16.134, 
16.141, 16.147, 16.160, 16.178, 
16.183, 16.189, 16.190, 16.192, 
16.203, 16.204, 16.206 to 
16.210, 16.224, 16.238, 17.22, 
17.107, 18.71, 23.51, 

Table A-17 

Manning equation, 9.262, 9.265, 
9.268, 9.270, 9.277 to 9.279, 
9.294, 14.98, 14.122, 14.142, 

14.157, 14.162, 14.171, 14.237, 
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14.239, 14.242, Figs. A-15 and 
A-16, Table A-13 

Manometers, 2.34 to 2.39, 2.41, 2.43 
to 2.49, 2.54 to 2.57, 2.68, 

2.69, 2.73, 2.79, 2.82, 2.83, 
8.78, 8.94, 8.111, 14.104, 17.7, 
17.8, 17.12 to 17.15, 17.29 to 
17.32, 17.34 to 17.36, 17.39 to 

17.41, 17.44, 17.78, 17.79, 
17.83 

differential, 2.50 to 2.52, 2.58 to 
2.66, 2.71,2.72, 2.75 to 2.78, 
2.85 to 2.87, 2.92, 2.96, 8.81, 
8.84, 8.85, 8.90, 8.92, 8.96, 
8.97,8.119,8.120,9.205, 

17.10, 17.16, 17.33, 17.42, 
17.58, 17.70 to 17.72, 17.84, 
17.117, 17.132, 17.135, 17.142, 
17.144, 17.145, 17.147 to 
17.151, 17.156, 17.159 to 
17.165, 17.173, 17.174, 20.24 

inclined, 2.74, 2.80 
Mass, 1.2, 1.4, 1.6, 1.13, 1.36 
Mass density (p), 1.1, 1.3, 1.5, 1.8, 

1.10, 1.11, 1.16, 1.18, 1.19, 
1.36, 1.38, 1.42, 1.44 to 1.46, 
1.56, 1.61,2.6, 2.7, 2.89, 8.5, 

8.23.8.41, 16.2, 25.5, 

Tables A-l to A-8 

Mass flow rate, 7.48 to 7.50, 8.1, 8.2, 
8.4, 8.5, 8.10, 8.26, 8.38, 8.40, 
8.46,8.83,9.25,9.76, 16.143, 
16.146, 16.151 to 16.156, 
16.159, 16.162, 16.164, 16.165, 
16.179 to 16.182, 16.222, 
16.225, 16.227, 16.234, 16.239, 
23.24, 23.54 

Mean free path ( L ), 1.134 
Measurement of flow (see Flow mea¬ 
surement) 

Metacenter (me), 6.65 to 6.72, 6.75 
to 6.77 

Mild slope, 14.315, 14.318, 14.320 to 
14.322, 14.341, 14.342, 

Fig. A-19 

Molecular weight, 16.29, Table A-6 
Monoclinal waves, 15.2 
Moody formula, 9.73, 9.74, 9.258, 
9.259, 14.158, 14.162, 14.172, 
14.183, Fig. A-5 

Muskingum method, 15.8 to 15.12 


Navier-Stokes equation, 7.57 
Neutral buoyancy, 6.34, 6.39 
Newton’s law, 24.36, 24.68 
Nikuradse’s sand-roughened pipe 
tests, Fig. A-6 

Normal acceleration, 7.11, 7.79 


Nozzles: 

convergent, 7.6, 7.9, 8.15, 16.124 
to 16.129, 16.132, 16.133, 
16.135, 16.136, 16.139, 16.140, 
16.143, 16.151, 16.152, 16.154, 
16.155, 16.162, 16.164, 16.179, 
16.180, 16.222 

converging-diverging, 16.130, 
16.131, 16.134, 16.137 to 
16.142, 16.144, 16.153, 16.156, 
16.158, 16.161, 16.163, 16.167, 
16.178, 16.181, 16.182 
flow, 8.84, 8.85, 17.58 to 17.76, 
Figs. A-20 to A-24, A-34, 
Table A-18 
force on, 23.57, 23.59 
orifice, 17.45, 17.46 
rocket, 16.168, 16.169, 16.174, 
16.176, 16.177 
supersonic, 16.149, 16.150, 

16.158, 16.165, 16.166 
velocity in, 7.1, 7.2, 7,6, 7.7, 7.9, 
8.15, 8.43, 8.127, 8.143 
Venturi, 17.170 to 17.173, 

Figs. A-26 and A-36 


Open-channel flow: 
in circular sections: 

cross section, 14.20, 14.29, 
14.43 

depth of flow, 14.12, 14.14 to 
14.19, 14.40, 14.41, 14.68, 
14.70, 14.114, 14.129, 

14.174, 14.229, 14.246, 
14.320 

dimensions,14.20, 14.29, 14.31, 
14.38, 14.39, 14.43, 14.56, 
14.112, 14.173, 14.180, 
14.246, 14.364, 14.365 
slope, 14.26, 14.29, 14.41, 
14.49, 14.71, 14.195, 

14.209, 14.243, 14.244 
subcritical, 14.130 
supercritical, 14.186 
velocity, 14.26, 14.49, 14.113 
volume flow rate, 14.10, 14.11, 
14.13, 14.17 to 14.19, 

14.26, 14.36, 14.37, 14.49, 
14.67, 14.69, 14.88, 14.113, 
14.163, 14.171, 14.172, 

14.175, 14.177, 14.186, 
14.196, 14.199, 14.298, 
14.364, 14.365 

water-surface profiles for, 
14.299, 14.339, 14.340 
dropdown in, 14.326 
flood routing for, 15.1 to 15.16 
free overfall in, 14.326 


hydraulic jumps and, 14.82, 
14.86, 14.284, 14.341 to 
14.355, 14.366 to 14.395, 
14.400 

hydraulic radius and, 14.31, 
14.106, 14.115, Fig. A-18 
obstacles on floor and, 14.80 
in parabolic channels, 14.79, 
14.230, 14.231 
in rectangular channels: 
cross section, 14.21, 14.27, 
14.28, 14.44 

depth of flow, 14.6 to 14.9, 
14.34, 14.48, 14.60, 14.66, 
14.75, 14.76, 14.83, 14.86, 
14.95, 14.120, 14.121, 
14.126, 14.133 to 14.141, 
14.159, 14.194, 14.197, 
14.200, 14.205, 14.207, 
14.224, 14.233, 14.247, 
14.249, 14.255, 14.258, 
14.260, 14.265 to 14.269, 
14.290, 14.292, 14.294 to 
14.297, 14.308, 14.309, 
14.341, 14.342, 14.381, 
14.383 to 14.385 
dimensions, 14.21, 14.27, 

14.28, 14.31 to 14.33, 

14.44, 14.52, 14.54, 14.106, 
14.111, 14.144, 14.168, 
14.178, 14.198, 14.211, 
14.213, 14.214, 14.222, 
14.248, 14.256, 14.356 to 
14.358, 14.396 
nonuniform flow, 14.265 to 
14.269, 14.271, 14.272 
slope, 14.3, 14.27, 14.28, 14.48, 
14.72, 14.83, 14.99, 14.100, 
14.122, 14.145, 14.200, 
14.220, 14.226, 14.249, 
14.255, 14.291, 14.315 to 
14.318 

subcritical, 14.47, 14.66, 14.73, 
14.86, 14.119, 14.134, 
14.136, 14.141, 14.252, 
14.255, 14.265, 14.266, 
14.284, 14.301 to 14.303, 
14.392 

supercritical, 14.134, 14.136, 
14.141, 14.145, 14.254, 
14.255, 14.266, 14.284, 
14.301, 14.302, 14.374, 
14.392 

surge waves, 14.280 
transition from trapezoidal sec¬ 
tion, 14.63 

transition to trapezoidal sec¬ 
tion, 14.64, 14.273 
velocity, 14.1, 14.48, 14.105, 
14.126, 14.166, 14.249, 
14.341, 14.342 
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volume flow rate, 14.1, 14.65, 
14.94, 14.101, 14.102, 
14.111, 14.117, 14.118, 
14.120, 14.123, 14.142, 
14.157, 14.158, 14.166, 
14.194, 14.204, 14.210, 
14.212, 14.221, 14.223, 
14.235, 14.239, 14.240, 
14.257, 14.262 to 14.264, 
14.270, 14.294, 14.310 to 
14.312, 14.338, 14.343, 
14.359 to 14.363, 14.389, 
14.399, 14.400 

water-surface profiles, 14.265 
to 14.269, 14.271, 14.272, 
14.277, 14.278, 14.281 to 
14.288, 14.294, 14.297, 
14.301 to 14.307, 14.313, 
14.314, 14.324 to 14.327, 
14.333, 14.336, 14.337, 
14.354 

Reynolds number ( N R ) for, 
14.87, 14.88 

roughness and, 14.84, 14.87, 
14.92, 14.237, 14.239, 
14.241, 14.242, 14.261, 
14.293 

in T-shaped channels, 14.169, 
14.170 

in trapezoidal channels: 
cross section, 14.23, 14.30, 
14.46, 14.77 

depth of flow, 14.35, 14.42, 
14.59, 14.62, 14.84, 14.91, 
14.128, 14.143, 14.161, 
14.165, 14.181, 14.188, 
14.228, 14.250, 14.251, 
14.275 

dimensions, 14.23, 14.30, 
14.31, 14.46, 14.50, 14.53, 
14.55, 14.57, 14.77, 14.78, 
14.109, 14.110, 14.179 
slope, 14.3, 14.30, 14.42, 
14.90, 14.99, 14.164, 
14.188, 14.251 
subcritical, 14.24, 14.253 
supercritical, 14.187 
transition from rectangular 
section, 14.64, 14.273 
transition to rectangular sec¬ 
tion, 14.63 

velocity, 14.2, 14.55, 14.250 
volume flow rate, 14.2, 

14.51, 14.58, 14.89, 14.93, 
14.102, 14.160, 14.176, 
14.210, 14.245 
water-surface profiles for, 
14.276, 14.278, 14.279, 
14.289, 14.332, 14.334, 
14.335 

in triangular channels: 
cross section, 14.22, 14.45 


depth of flow, 14.4, 14.25, 
14.61, 14.127, 14.146, 
14.167, 14.192, 14.208, 
14.232, 14.319 
dimensions, 14.22, 14.45, 
14.108, 14.206, 14.227 
slope, 14.25, 14.127, 14.146, 
14.190 to 14.192 
subcritical, 14.74 
supercritical, 14.85 
velocity, 14.25 
volume flow rate, 14.191 
water-surface profiles for, 
14.278 

types of profiles for, 

Fig. A-19 

in Venturi flumes, 8.86, 
14.328 to 14.331 
wetted perimeter and, 14.5, 
14.31, 14.96, 14.107, 
14.214, Fig. A-18 
Orifice nozzles, 17.45, 17.46 
Orifices, 17.77 to 17.140, 18.8, 19.35, 
19.36, Figs. A-24 to A-29, 
A-33, Table A-19 


Parabolic velocity profile, 1.69, 1.133, 
7.49, 8.28, 8.36, 9.156 
Parshall flumes, 17.229 to 17.234 
Partial pressure, 1.60 
Pathlines of flow, 7.80 
Pelton wheels, 21.11, 21.12, 21.46, 
21.54, 21.61 

Perfect gases, 18.71, Fig. A-72, 

Tables A-16 and A-17 
Piezometers, 2.26, 2.27, 2.29, 2.30, 
2.94, 17.3, 17.4, 17.12, 17.14, 
17.15, 17.30 to 17.32 
Pipe networks: 

equivalent single pipe replacement, 
13.25 

Hardy Cross method for, 13.1 to 
13.8, 13.10, 13.11, 13.13, 13.16 
to 13.19, 13.21, 13.24, 13.26 to 
13.32 

pressure in, 13.9 13.12, 13.14, 
13.20, 13.22, 13.27 
Pipeline systems: 

branching, 12.1 to 12.19 
parallel, 11.1 to 11.54 
series, 10.1 to 10.31 
Pipes: 

centerline velocity in, 9.119, 9.125, 
9.126, 9.156 

entrance length of, 9.5, 9.9 
equivalent length of, 9.251, 9.281 
force on bends in, 23.35 to 23.40, 
23.42 

force on reducers for, 23.41, 23.42 
hydraulically smooth, 9.179 


loss coefficients ( K) for, Figs. A-7 
to A-12, Tables A-ll and A-12 
Nikuradse’s sand-roughened pipe 
tests for, Fig. A-6 
parabolic velocity profile in, 1.69, 

I. 133, 7.49, 8.36, 9.156 
pressure drop in, 9.67 to 9.72, 

9.80, 9.81,9.83, 9.104 to 
9.108, 9.111, 9.112, 9.114, 
9.115, 9.117, 9.131, 9.151, 
9.218, 10.27, 11.10, 11.22, 

II. 24, 11.25, 11.27, 13.14 
roughness (*) of, 9.66, 9.73 to 

9.76, 9.90, 9.128, 9.137, 9.171, 
9.179, 9.181, 9.182, 9.294, 

Fig. A-4, Table A-9 
size of, 9.71, 9.72, 9.110, 9.140, 
9.142, 9.163, 9.168 to 9.170, 
9.172, 9.173, 9.177, 9.179, 
9.207, 9.213 to 9.215, 9.228, 
9.250, 9.257, 9.271, 9.272, 
9.276, 9.278, 9.279, 9.291, 
9.295 to 9.297, 10.31,20.82 
unsteady (transient) flow in, 19.6, 
19.7, 19.9, 19.13 to 19.20, 
19.25 to 19.30, 19.37 to 19.57 
wall thickness of, 5.48, 5.50, 5.52, 
5.53, 19.7, 19.50, 19.51 
water-hammer transients in, 19.7, 
19.27, 19.53 to 19.56 
Pistons, 2.53, 2.81, 2.97, 8.106, 

16.159 

Pitch diameter of turbines, 21.3 to 
21.5 

Pitot measuring devices, 17.3 to 17.6, 
17.13 to 17.24, 17.27, 17.29 to 
17.36, 17.39, 17.40, 17.42 to 
17.44, 17.87, 17.90, 17.117 
Plungers, 2.33, 8.16 to 8.18 
Polytropic processes for gases, revers¬ 
ible, 16.22, 16.33 to 16.35 
Potential energy, 8.55, 8.56, 8.58, 
8.59 

Potential function for flow, 25.4, 
25.14, 25.17 

Powell equation, 14.235, 14.236 
Prandtl tubes, 17.16, 17.35 
Prandtl’s soap-film analogy, 1.109, 
1.110 
Pressure: 

absolute, 2.12 to 2.15, 2.22, 2.23, 
2.38 to 2.40, 2.42 to 2.44, 2.70, 
2.85, 2.91, Tables A-7 and A-8 
atmospheric, 1.127 to 1.130, 2.4, 
2.5, 2.10, 2.12 to 2.14, 2.70, 
2.90, 2.91, Tables A-7 and A-8 
barometric, 2.4, 2.22, 2.23 
boiling temperature and, 1.127 to 
1.131 

cavitation and, 1.132, 8.100, 

8.118, 9.290 

center of (see Center of pressure) 
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conversion of, 2.21, 2.22 
on dams, 2.1, 4.2, 4.3, 4.5 to 4.7 
difference of, 1.113, 1.114, 8.53 
gage, 2.12 to 2.14, 2.22, 2.23, 

2.28, 2.29, 2.31, 2.39, 2.40, 
2.53, 2.55, 2.67, 2.69, 2.91, 
9.84,9.204,9.208, 17.9 to 
17.11 

partial, 1.60 

pipe wall thickness and, 5.48, 

5.50, 5.52, 5.53 
saturation, 1.128, 1.129 
stagnation, 8.81, 8.115, 8.116, 
16.13 to 16.17, 16.103, 16.106, 
16.178, 16.197, 16.202, 17.5, 
17.6, 17.23 to 17.25, 17.37, 
17.38 

static, 17.24 to 17.26, 17.38 
in tanks, 2.2, 2.3, 2.6 to 2.9, 2.13 
to 2.20, 2.25, 2.27, 2.31,2.92 
to 2.96, 3.36, 9.210, 9.211 
vapor, 1.127, 1.132,2.90,8.118, 
Tables A-l to A-3 
water-hammer, 19.27, 19.53 to 
19.56 

work and, 8.60, 16.22 
Pressure drag, 24.67 
Pressure heads, 2.3, 2.19, 2.24, 2.25, 
2.88, 8.51,8.52, 8.54 to 8.56, 
8.121,8.123, 8.124, 9.194, 
9.231, 9.286, 10.19, 10.20, 

13.9, 13.12 

Pressure (sound) waves, 16.66, 19.17 
to 19.20, 19.27, 19.50 to 19.56 
Profiles (see Water-surface profiles) 
Propagation speed (velocity), 1.136, 
14.147 to 14.153, 14.215 to 
14.218, 18.3 

Propellers, 20.76 to 20.78, 23.64 
Pumps: 
air, 20.74 

BEP for, 20.51 to 20.53 
cavitation effects for, 20.9, 20.10, 
20.43, 20.44, 20.47, 20.59 
cavitation index (<r) and, 

20.27, 20.36 to 20.39 
centrifugal, 18.7 
cost of, 20.62 

efficiency ([<7A]) of, 20.5, 20.11 to 
20.13, 20.29, 20.32 to 20.35, 
20.40, 20.51 to 20.53, 20.56, 
20.63, 20.70, 20.72, 20.84, 

Figs. A-40 and A-41 
homologous, 20.15 to 20.19, 20.34 
NPSH for, 20.9, 20.10, 20.49, 
20.59 

power of, 20.14, 20.21, 20.46, 
20.48, 20.50, 20.55, 20.58, 
20.60, 20.69, 20.73 to 20.75, 
20.79, 20.83, 20.86, 20.88 to 
20.90 

rotative speed of, 20.3, 20.4, 20.42 


specific speed (N s ) of, 20.1, 20.2, 
20.28,20.30,20.31,20.60 
torque on, 20.70 

unsteady (transient) flow in, 19.8, 
19.38, 19.39 

volume flow rate for, 20.6, 20.14, 
20.20, 20.28, 20.32 to 20.35, 
20.45, 20.46, 20.48 to 20.50, 
20.54, 20.80 to 20.82, 20.87 


Rehbock formula, 17.192 
Resistance: 

air, 24.20 to 24.23 
frictional, 1.89 
rolling, 24.68, 24.89 
turbulent, 19.22, 19.23 
Resisting torque, 1.82 
Reversible polytropic processes for 
gases, 16.22, 16.33 to 16.35 
Reynolds number (TV)}): 

critical, 9.55, 14.116, 24.15, 24.16 
friction factor (/) and, 9.258, 
9.259, 14.115 

Froude number ( N F ) and, 18.23, 
18.43 

for laminar flow, 9.2, 9.6, 9.8, 9.9, 
9.12, 9.13, 9.16, 9.18 to 9.20, 
9.22 to 9.26, 9.31, 9.35, 9.40, 
9.41,9.49 to 9.53, 9.57 to 9.60, 
9.94,9.99,9.100,9.115, 9.160, 
9.162, 9.163, 9.190, 9.191, 
9.223, 9.235, 9.280, 14.115 to 
14.118, 14.156, 14.203 
open-channel, 14.87, 14.88 
shear stress and, 1.77 
transition, 9.3, 9.4, 9.7 
for turbulent flow, 9.1, 9.5, 9.8, 
9.10, 9.11, 9.13, 9.19, 9.21, 
9.79, 9.114,9.136, 9.180, 

9.230, 9.236, 9.282, 9.283, 
14.212, 16.210 

Righting moments, 6.65, 6.67, 6.70, 
6.72 

Rockets, 8.25, 16.168, 16.169, 

16.174, 16.176, 16.177, 23.45, 
23.47, 23.52 to 23.56 
Rolling resistance, 24.68, 24.89 
Rotational flow, 7.41, 25.2, 25.3, 

25.9, 25.13 
Rotative speed: 

pump, 20.3, 20.4, 20.42 
turbine, 21.7, 21.8, 21.19, 21.22, 
21.50,21.54 to 21.56, 21.62, 
21.65, 21.67, 21.68, 21.71 
Roughness: 

commercial-conduit. Table A-9 
open-channel, 14.84, 14.87, 14.92, 
14.237, 14.239, 14.241, 14.242, 
14.261, 14.293 


pipe, 9.66, 9.73 to 9.76, 9.90, 
9.128, 9.137, 9.171, 9.179, 
9.181, 9.182, 9.294, Fig. A-4, 
Table A-9 
wing, 24.44 

Runge-Kutta integration, 19.4, 19.22 
to 19.24 


Safety factor for dams (see Factor of 
safety for dams) 

Saturation pressure, 1.128, 1.129 
Shafts: 

Prandtl’s soap-film analogy for, 

1.109.1.110 

rate of twist (a) for, 1.109, 

1.110 

Shear flow, 7.33, 7.34 
Shear stress (r), 1.67 to 1.100, 

9.30, 9.35, 9.37, 9.98, 9.118, 
9.122, 9.128, 9.132, 9.133, 
9.136, 9.141, 9.154, 9.155, 
9.158, 9.159, 9.284, 9.285, 
14.238, 24.12, 24.17 

Shear velocity, 9.158 
Shock waves, 16.130, 16.153, 16.161, 
16.178, 16.182, 16.183, 16.186 
to 16.206, 16.224, Table A-17 
Shooting flow, 14.223 
Similarity: 

dynamic, 18.11, 18.14, 18.16, 
18.18, 18.21, 18.25, 18.28 to 

18.30, 18.44, 18.46 to 18.48, 
20.63 

geometrical, 18.5 to 18.7, 18.24, 
18.66, 20.75 

Siphons, 8.68 to 8.71, 8.148 to 8.151, 
9.287 to 9.289 
Skin drag, 24.62 to 24.66 
Slope: 

mild, 14.315, 14.318, 14.320 to 
14.322, 14.341, 14.342, 

Fig. A-19 

steep, 14.83, 14.316, 14.317, 
14.319, 14.322, 14.323, 14.341, 
14.342, Fig. A-19 

Sluice gates, 17.235, 17.236, 23.13, 
23.14 

Sonic flow, 16.4 

Sonic velocity (speed of sound), 

16.11. 16.12, 16.24, 16.25, 
16.38, 16.40, 16.53, 16.54, 
16.60 to 16.63, 18.2, 24.61 
Sound (pressure) waves, 16.66, 19.17 
to 19.20, 19.27, 19.50 to 19.56 
Specific energy, 14.129, 14.189, 

14.219, 14.225, 14.252, 14.253, 
14.255, 14.257, 14.276, 14.349, 
14.350, 14.352, 14.353, 14.382 
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Specific gravity (s.g.), 1.1, 1.3, 1.8, 

1.10, 1.16, 1.19, 2.7, 2.17, 2.49, 

2.63, 6.1, 6.11, 6.16, 6.42, 6.77, 
Table A-3 

Specific heats: 

at constant pressure (c p ), 16.26, 
16.50, Table A-6 
at constant volume (c v ), 16.26, 
16.27, 16.50, Table A-6 
ratio ( k ) of, 16.28, 16.55, Table 
A-6 

Specific speed (N s ): 

pump, 20.1, 20.2, 20.28, 20.30, 
20.31, 20.60 

turbine, 21.3 to 21.5, 21.14 to 

21.18, 21.20, 21.30, 21.33, 

21.34, 21.65, 21.67, Figs. A-42 
and A-43 

Specific volume (K s ), 1.10, 1.19, 1.33, 

1.34, 1.39, 1.56, 1.57, 1.61 
Specific weight ([£/#]), 1.1, 1.3, 1.5, 

1.7, 1.8, 1.16, 1.20, 1.34, 1.37, 
1.39, 1.41, 1.43, 1.45, 1.56, 
1.57, 1.59, 1.60, 1.61, 2.6, 2.7, 
2.11,2.28, 6.32, 6.35, 6.44, 
7.65, 16.1, 24.59, Fig. A-3, 
Tables A-l to A-8 
Speed: 

landing, 24.81 

of propagation, 1.136, 14.147 to 
14.153, 14.215 to 14.218, 18.3 
rotative: 

pump, 20.3, 20.4, 20.42 
turbine, 21.7, 21.8, 21.19, 

21.22, 21.50, 21.54 to 
21.56, 21.62, 21.65, 21.67, 
21.68, 21.71 

of sound, 16.11, 16.12, 16.24, 
16.25, 16.38, 16.40, 16.53, 
16.54, 16.60 to 16.63, 18.2, 
24.61 

specific (N s ): 

pump, 20.1, 20.2, 20.28, 20.30, 
20.31,20.60 

turbine, 21.3 to 21.5, 21.14 to 

21.18, 21.20, 21.30, 21.33, 

21.34, 21.65, 21.67, 

Figs. A-42 and A-43 
stall, 24.81, 24.89 
takeoff, 24.89 

Spillways, 7.53, 8.103, 15.6, 18.34, 
18.37, 18.39 to 18.41, 18.49, 
18.77, 18.78, 19.31 to 19.34, 
23.66 

Sprinklers, 7.58, 7.60, 8.107, 21.48, 
21.49, 23.44 

Stable equilibrium, 6.65, 6.67, 6.71, 
6.73 to 6.77 

Stagnation points, 7.67, 8.149, 24.84, 

25.10, 25.13, 25.18 
Stagnation pressure, 8.81, 8.115, 

8.116, 16.13 to 16.17, 16.103, 


16.106, 16.178, 16.197, 16.202, 
17.5, 17.6, 17.23 to 17.25, 
17.37, 17.38 

Stagnation temperature, 16.13 to 

16.17, 16.103, 16.112, 16.118, 
16.178, 17.5, 17.6, 17.25, 17.37 
Stall speed, 24.81, 24.89 
Static equilibrium, 6.54, 6.59, 6.64 
Static height, 1.125 
Static pressure, 17.24 to 17.26, 17.38 
Steady (steady-state) flow, 7.13, 7.36, 
7.39, 7.40, 7.62, 7.63, 8.27, 9.6, 
14.201, 14.202 

Steep slope, 14.83, 14.316, 14.317, 
14.319, 14.322, 14.323, 14.341, 
14.342, Fig. A-19 
Stokes’ law, 24.52 
Stokes-Oseen formula, 1.135 
Streamlines of flow, 7.6, 7.21, 7.67 to 
7.78, 25.4, 25.6 to 25.9, 25.11, 
25.13 to 25.19 

Stress, shear (r), 1.67 to 1.100, 

9.30, 9.35, 9.37, 9.98, 9.118, 
9.122, 9.128, 9.132, 9.133, 

9.136, 9.141,9.154, 9.155, 

9.158, 9.159, 9.284, 9.285, 
14.238, 24.12, 24.17 

Subcritical flow, 8.104, 8.105, 14.24, 
14.47, 14.66, 14.73, 14.74, 
14.80, 14.81, 14.82, 14.86, 
14.119, 14.130, 14.134, 14.136, 
14.141, 14.151, 14.152, 14.184, 
14.252, 14.253, 14.255, 14.265, 
14.266, 14.284, 14.301 to 
14.303, 14.351, 14.392, 

Fig. A-19 

Subsonic flow, 16.3 
Supercritical flow, 8.104, 8.105, 

14.80, 14.81, 14.85, 14.134, 

14.136, 14.141, 14.145, 14.151, 
14.153, 14.186, 14.187, 14.254, 
14.255, 14.266, 14.284, 14.301, 
14.302, 14.374, 14.392, 

Fig. A-19 

Supersonic nozzles, 16.149, 16.150, 

16.158, 16.165, 16.166 
Surface tension (<r), 1.101 to 

1.126, 1.136, 18.4, Tables A-l 
to A-3 

Surge tanks, 19.24, 19.58 to 19.62 
Surge waves, 14.280 
Swamee-Jain formula, 9.73, 9.74 


Tainter gates, 5.40 
Takeoff speed, 24.89 
Tangential acceleration, 7.11 
Tanks: 

center of pressure (c.p.) of, 3.16, 
3.19, 3.29, 3.48 


force on, 3.16, 3.19, 3.29, 3.48, 

5.1, 5.2, 5.8, 5.9, 5.15, 5.22, 
5.26, 5.29, 5.31, 5.38, 5.41 to 
5.46, 5.49, 5.51, 5.54, 5.55 
pressure in, 2.2, 2.3, 2.6 to 2.9, 
2.13 to 2.20, 2.25, 2.27, 2.31, 
2.92 to 2.96, 3.36, 9.210, 9.211 
surge, 19.24, 19.58 to 19.62 
Temperature, stagnation, 16.13 to 
16.17, 16.103, 16.112, 16.118, 
16.178, 17.5, 17.6, 17.25, 17.37 
Temperature fields, 7.56 
Tensile force, 23.5, 23.7, 23.20 
Tension, surface (<r), 1.101 to 

1.126, 1.136, 18.4, Tables A-l 
to A-3 

Terminal (free-fall) velocity, 18.12, 

18.13, 24.15, 24.19, 24.57, 
24.61 

Thermal expansion coefficient 
(a), 1.21 to 1.24 

Thrust, 23.15, 23.45 to 23.52, 23.55, 

23.63, 23.64 
Thrust coefficient, 20.77 

Tidal bores, 14.351, 14.375, 14.376 
Torque: 

correction for viscometers, 1.92 
damping, 1.74, 1.75 
on pumps, 20.70 
resisting, 1.82 

on turbines, 7.59, 21.1, 21.7 to 

21.9.21.20.21.63, 23.61 
viscous, 1.85 

Tranquil flow, 14.232 to 14.234 
Transient flow (see Unsteady flow) 
Transition Reynolds number (A^), 
9.3, 9.4, 9.7 

Tunnels, surges in, 19.13 
Turbines: 

cavitation index (<r) and, 21.25 
to 21.28 

efficiency (v) of, 21.10 to 

21.13, 21.20, 21.21, 21.29, 
21.57, 21.64, Figs. A-44 to 
A-46 and A-48 

Francis, 21.23, 21.25 to 21.27, 
21.29, 21.33, 21.36, 21.41, 
21.47, 21.51, 21.55, Fig. A-47 
generators used with, 21.17, 21.22, 
21.35 to 21.38, 21.51 
homologous, 21.24 
lawn sprinklers as, 21.48, 21.49 
Pelton wheels, 21.11, 21.12, 21.46, 
21.54, 21.61 

pitch diameter of, 21.3 to 21.5 
power of, 21.1,21.2, 21.7 to 21.9, 

21.11, 21.21, 21.43 to 21.45, 
21.48 to 21.50, 21.54 to 21.57, 
21.61, 21.65 to 21.68, 21.72, 
21.74, 21.75 

rotative speed of, 21.7, 21.8, 

21.19, 21.22, 21.50, 21.54 to 
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21.56, 21.62, 21.65, 21.67, 
21.68, 21.71 

specific speed (N s ) of, 21.3 to 
21.5, 21.14 to 21.18, 21.20, 
21.30, 21.33, 21.34, 21.65, 
21.67, Figs. A-42 and A-43 
surge tanks for, 19.24 
torque on, 7.59, 21.1, 21.7 to 21.9, 
21.20, 21.63, 23.61 
volume flow rate for, 21.7, 21.21, 
21.52, 21.54, 21.65, 21.67 
wind. Fig. A-49 

Turbulent flow, 9.1, 9.5, 9.8, 9.10, 
9.11, 9.13, 9.19, 9.21, 9.79, 
9.114,9.136,9.180,9.224, 
9.225, 9.230, 9.236, 9.282, 
9.283, 14.212 

Turbulent resistance, 19.22, 19.23 


U-tube oscillations, 19.2 to 19.5, 

19.10 to 19.12, 19.21 to 19.23 
Universal gas constant (R u ), 1.39 
Unstable equilibrium, 6.66, 6.68, 6.69 
Unsteady (transient) flow: 
acceleration vector for, 7.12 
dropping fluid column, 18.1 
orifice transients, 19.35, 19.36 
pipe transients, 19.6, 19.7, 19.9, 
19.13 to 19.20, 19.25 to 19.30, 
19.37 to 19.57 

pump transients, 19.8, 19.38, 

19.39 

spillway transients, 19.31 to 19.34 
surge-tank transients, 19.24, 19.58 
to 19.62 

turbulent resistance and, 19.22, 
19.23 

U-tube oscillations, 19.2 to 19.5, 
19.10 to 19.12, 19.21 to 19.23 
water-hammer transients, 19.7, 
19.27, 19.53 to 19.56 


Vapor pressure, 1.127, 1.132, 2.90, 
8.118, Tables A-l to A-3 
VDI orifices, 17.92, 17.132, 17.133, 
17.135 
Velocity: 

acceleration and, 7.8 to 7.15, 7.17 
to 7.22 

average, 8.3, 8.6 to 8.11, 8.19, 
8.22, 8.31, 8.32, 8.37, 8,47, 
9.113, 9.158 

centerline, 9.104, 9.119, 9.125, 
9.126, 9.156 
magnitude of, 7.3, 7.4 
propagation, 1.136, 14.147 to 
14.153, 14.215 to 14.218, 18.3 


shear, 9.158 

sonic (speed of sound), 16.11, 

16.12, 16.24, 16.25, 16.38, 
16.40, 16.53, 16.54, 16.60 to 
16.63, 18.2, 24.61 

terminal (free-fall), 18.12, 18.13, 
24.15, 24.19, 24.57, 24.61 
Velocity fields, 7.3 to 7.57, 7.61 to 
7.64, 7.66 to 7.80 
Velocity gradient, 1.67 
Velocity heads, 8.71, 8.93, 8.95, 

8.112 to 8.114, 8.138 to 8.142, 
8.144, 8.145, 8.148 
Venturi flumes, 8.86, 14.328 to 
14.331 

Venturi meters, 8.90 to 8.93, 8.119, 
8.120, 17.67, 17.141 to 17.169, 
17.174, 18.5, 18.25, Figs. A-24, 
A-26, A-30, A-32, A-34, and 
A-35, Table A-18 
Venturi nozzles, 17.170 to 17.173, 
Figs. A-26 and A-36 
Viscometers, 1.92 
Viscosity: 

absolute (m), 1.65,1.66, 1.68, 

1.72, 1.96, 1.97, 9.40, 9.102, 
9.160, 18.33, 24.58, Fig. A-l, 
Tables A-l to A-8 
Brinkman number (Ng) and, 18.1 
kinematic (*), 1.65, 1.66, 9.52, 

18.33, 18.43, Fig. A-2, 

Tables A-l, A-2, and A-4 

Viscous boundary layers, 9.120, 

9.129, 9.132, 9.133, 9.284, 
9.285 

Viscous drag, 24.37, 24.38 
Viscous torque, 1.85 
Volume, specific (F*), 1.10, 1.19, 

1.33, 1.34, 1.39, 1.56, 1.57, 

1.61 

Volume flow rate: 

annular conduit, 9.101 
branching pipeline system, 12.1 to 

12.12, 12.16 to 12.19 
capillary tube, 9.280 

circular open section, 14.10, 14.11, 

14.13, 14.17 to 14.19, 14.26, 
14.36, 14.37, 14.49, 14.67, 
14.69, 14.88, 14.113, 14.163, 
14.171, 14.172, 14.175, 14.177, 
14.186, 14.196, 14.199, 14.298, 
14.364, 14.365, Fig. A-18 

fan, 23.63 

flow nozzle, 8.84, 8.85 
individual pipe, 1.138, 7.48, 8.1, 
8.2, 8.4, 8.22, 8.38, 8.44, 8.50, 
8.62, 8.87, 8.95, 8.98, 8.114, 
9.6, 9.38 to 9.41, 9.46, 9.53, 
9.54, 9.56 to 9.58, 9.64 to 9.66, 
9.77, 9.85 to 9.89, 9.92 to 9.97, 
9.99, 9.100, 9.109, 9.113, 

9.123, 9.124, 9.138, 9.139, 


9.142, 9.148, 9.153, 9.162, 
9.176, 9.188, 9.190 to 9.192, 
9.196, 9.198, 9.202, 9.205, 
9.206, 9.212, 9.220, 9.226, 
9.227, 9.229, 9.231, 9.242, 
9.246, 9.249, 9.254, 9.255, 
9.267 to 9.270, 17.1, 17.2 
parallel pipeline system, 11.1, 

11.2, 11.5, 11.11 to 11.13, 
11.16, 11.19 to 11.21, 11.23 to 
11.31, 11.34 to 11.39, 11.42 to 
11.46, 11.48, 11.50, 11.53, 
11.54 

pipe network, 13.1 to 13.8, 13.10, 
13.11, 13.13, 13.15 to 13.19, 
13.21, 13.23, 13.24, 13.26 to 

13.32 

pump, 20.6, 20.14, 20.20, 20.28, 

20.32 to 20.35, 20.45, 20.46, 
20.48 to 20.50, 20.54, 20.80 to 
20.82, 20.87 

rectangular duct, 8.9, 9.117 
rectangular open channel, 14.1, 

14.65, 14.94, 14.101, 14.102, 
14.111, 14.117, 14.118, 14.120, 
14.123, 14.142, 14.157, 14.158, 
14.166, 14.194, 14.204, 14.210, 
14.212, 14.221, 14.223, 14.235, 
14.239, 14.240, 14.257, 14.262 
to 14.264, 14.270, 14.294, 
14.310 to 14.312, 14.338, 
14.343, 14.359 to 14.363, 
14.389, 14.399, 14.400 

rectilinear chamber, 8.11 
river, 8.42 

series pipeline system, 10.5, 10.6, 
10.10, 10.14 to 10.18, 10.21 to 
10.23, 10.28, 10.30 
siphon, 8.68, 8.69, 9.287 to 9.289 
T-shaped open channel, 14.169, 
14.170 

trapezoidal open channel, 14.2, 
14.51, 14.58, 14.89, 14.93, 
14.102, 14.160, 14.176, 14.210, 
14.245 

triangular duct, 9.103, 9.145 
triangular open channel, 14.191 
turbine, 21.7, 21.21, 21.52, 21.54, 

21.65, 21.67 

velocity vector and, 7.47, 7.51 to 
7.53 

Venturi meter, 8.93, 8.97 
wind tunnel, 8.24 
von Karman equation, 14.103 
Vortex flow, 7.29, 25.2, 25.3, 25.9, 
25.13 


Wall thickness of pipes, 5.48, 5.50, 
5.52, 5.53, 19.7, 19.50, 19.51 
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Water: 

boiling temperature of, 1.127 to 
1.131 

curvature of surface of, 1.107, 
1.108 

physical properties of. Fig. A-3, 
Tables A-l to A-3 
Water hammers, 19.7, 19.27, 19.53 
to 19.56 

Water meters, 17.237, 17.238 
Water-surface profiles: 

circular open section, 14.299, 
14.339, 14.340 
computer programs for: 

nonuniform flow in often rect¬ 
angular channels, 14.267 to 
14.269 

steady state flow in open rect¬ 
angular, trapezoidal, or tri¬ 
angular channels, 14.278, 
14.279 

rectangular open channel, 
14.265 to 14.269, 14.271, 
14.272, 14.277, 14.278, 
14.281 to 14.288, 14.294, 
14.297, 14.301 to 14.307, 
14.313, 14.314, 14.324 to 


14.327, 14.333, 14.336, 
14.337, 14.354 
trapezoidal open channel, 
14.276, 14.278, 14.279, 
14.289, 14.332, 14.334, 
14.335 

triangular open channel, 

14.278 

types of. Fig. A-19 
Waves: 

abrupt, 15.16 
gravity, 15.13 to 15.15 
monoclinal, 15.2 
propagation velocity of, 1.136, 
14.147 to 14.153, 14.215 to 
14.218, 18.3 

shock, 16.130, 16.153, 16.161, 
16.178, 16.182, 16.183, 16.186 
to 16.206, 16.224, Table A-17 
small-amplitude, 15.1, 15.3 
sound (pressure), 16.66, 19.17 to 
19.20, 19.27, 19.50 to 19.56 
Weber number (. N w ), 18.49 
Weight, 1.1, 1.3, 1.4, 1.6, 1.7, 1.9, 
1.12 to 1.15 

molecular, 16.29, Table A-6 
specific ( 7 ), 1.1, 1.3, 1.5, 1.7, 

1.8, 1.16, 1.20, 1.34, 1.37, 1.39, 


1.41, 1.43, 1.45, 1.56, 1.57, 
1.59, 1.60, 1.61, 2.6, 2.7, 2.11, 
2.28, 6.32, 6.35, 6.44, 7.65, 
16.1, 24.59, Fig. A-3, 

Tables A-l to A-8 
Weight flow rate, 8.1, 8.2, 8.4, 8.18, 
8.20,8.33,8.39,8.112,9.174, 
16.124 to 16.133, 16.137, 
16.139, 16.140, 16.184, 16.185 
Weirs, 14.258, 14.259, 14.263, 
14.284, 14.397, 17.175 to 
17.228, 18.56, 18.63, 18.75, 
Fig. A-37 

Wetted perimeter, 14.5, 14.31, 14.96, 
14.107, 14.214, Fig. A-18 
Wind tunnels, 8.24, 16.157, 18.15, 
18.16, 18.18 to 18.20, 18.22, 
18.31, 18.33, 18.45 to 18.48, 
21.56 

Wind turbines, Fig. A-49 
Wings, 24.43, 24.44, 24.73 to 24.76, 
24.78, 24.79, 24.81 to 24.83, 
24.85, 24.86, 24.88, 24.90 

Work: 

potential energy and, 8.56 
pressure and, 8.60, 16.22 
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